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The	   metabolic	   syndrome	   is	   known	   to	   have	   a	   direct	   and	   indirect	   impact	   on	   endogenous	  
metabolism.	  Additionally,	   there	   is	  emerging	  evidence	  of	  an	  obesity-­‐associated	  microbiome	  
with	  the	  potential	  to	  influence	  caloric	  extraction	  from	  the	  diet	  and	  host	  energy	  metabolism.	  
However,	   the	  nature	  of	   the	  shift	   in	  relative	  contributions	  of	  bacterial	  phyla	   in	  obesity,	  and	  
the	  question	  of	  whether	  the	  observed	  shift	  in	  microbiome	  is	  more	  associated	  with	  a	  high-­‐fat	  
diet	   than	  genetically	   induced	  obesity	  per	   se,	   are	   still	   yet	   to	  be	   fully	   elucidated.	   This	   thesis	  
seeks	   to	  explore	   the	  relationship	  between	  obesity	  progression	  and	  the	  co-­‐evolution	  of	   the	  
intestinal	  microbiota,	  via	  profiling	  of	  host	  fluid	  and	  tissue	  metabolites,	  and	  faecal	  bacteria.	  	  
	  
The	   obese	   Zucker	   rat	   is	   characterised	   predominantly	   by	   obesity,	   insulin	   resistance	   and	  
dyslipidaemia,	  and	  serves	  as	  an	  animal	  model	  of	  metabolic	  syndrome.	  The	  effect	  of	  mixed-­‐
strain	  housing	  of	  obese	   (fa/fa)	  and	   lean,	   (+/+)	  and	   (fa/+),	  Zucker	  rats	  on	  the	  evolution	  and	  
development	  of	  the	  microbiome	  and	  metabolic	  phenotype	  of	  the	  animals	  over	  the	  course	  of	  
ten	  weeks	  was	  investigated	  via	  1H	  NMR	  spectroscopy	  of	  biofluids,	  faeces	  and	  tissue	  extracts,	  
and	   metagenomic	   profiling	   of	   the	   intestinal	   microbiota	   via	   pyrosequencing	   of	   faecal	  
samples.	   The	   collected	   data	   sets	  were	   evaluated	   and	   interrogated	   using	   a	   combination	   of	  
multivariate	   and	   univariate	   statistical	   analyses	   to	   gain	   a	   comprehensive	   understanding	   of	  
how	   age,	   genotype	   and	   cage	   environment	   affect	   endogenous	   metabolism	   and	   metabolic	  
cross-­‐talk	  between	  the	  host	  and	  intestinal	  microbiota.	  	  
	  
The	   nature	   of	   the	   interaction	   between	   host	   and	  microbiome	   remains	   poorly	   understood,	  
particularly	  with	  respect	   to	   the	  development	  of	  obesity	  and	  metabolic	  syndrome.	  Here	   for	  
the	   first	   time	   I	   have	   adopted	   a	   complex	   systems	   biology	   approach	   using	   multivariate	  
statistical	   methods	   (principal	   components	   analysis	   (PCA)	   and	   orthogonal	   projections	   to	  
latent	   structures	   discriminant	   analysis	   (OPLS-­‐DA),	   for	   example)	   to	   identify	   correlations	  
between	   host	   metabolism	   and	   faecal	   microbial	   composition	   during	   the	   development	   of	  
obesity.	  Urinary	  and	   faecal	  metabolite	  changes	  were	  assessed	  over	  a	  period	  of	   ten	  weeks,	  
with	  end	  point	  tissue	  and	  plasma	  composition	  assessed	  at	  14	  weeks	  of	  age.	  
	  
Urinary	  metabolic	   differences	   were	   apparent	   at	   week	   five	   and	   trajectory	   plots	   illustrated	  
further	  divergence	  with	  age	  between	  the	  obese	  and	  lean	  strains.	  The	  two	  lean	  strains	  were	  
found	   to	   be	   comparable	   metabolically,	   with	   both	   strains	   exhibiting	   a	   similar	   urinary	  
metabolite	   trajectory	   over	   the	   ten-­‐week	   sampling	   period.	   The	   analysis	   of	   faecal	   extracts	  
demonstrated	  clear	  age-­‐related	  variation	  across	  the	  ten-­‐week	  period,	  however,	  only	  subtle	  
variation	   relating	   to	   genotype	   and	   cage-­‐environment	   were	   observed.	   Bacterial	   profiling	  
showed	  clear	  age-­‐related	  variation	  in	  the	  relative	  abundance	  of	  certain	  phyla	  and	  bacterial	  
families	   dominated	   by	   an	   age-­‐related	   three-­‐fold	   increase	   in	   Bacteroidetes,	   with	   a	  
concomitant	   decrease	   in	   Firmicutes.	   Differences	   relating	   to	   genotype	  were	   not	   evident	   at	  
either	   the	   phylum	   or	   family	   level,	  whereas	   cage-­‐environment-­‐based	   clustering	   of	   samples	  
was	  clearly	  apparent,	  with	  the	  most	  marked	  differences	  at	  weeks	  five	  and	  seven.	  
	  
With	  evidence	  of	  differences	  in	  urinary	  metabolites	  of	  host-­‐microbiome	  co-­‐metabolic	  origin	  
found	  between	  the	  obese	  and	   lean	  animals,	  and	  no	  perceptible	  difference	   in	  the	   intestinal	  
bacteria	  of	  the	  two	  phenotypes	  based	  on	  compositional	  profiling,	  these	  results	  suggest	  that	  
the	   contribution	   of	   the	   microbiota	   to	   host	   metabolism	   is	   not	   straightforward	   but	   merits	  
further	  investigation.	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ANOVA:	  Analysis	  of	  variance	  
	  
MS:	  Mass	  Spectrometry	  
ATP:	  Adenosine	  triphosphate	  
	  
NAFLD:	  Nonalcoholic	  fatty	  liver	  disease	  
AUC:	  Area	  under	  curve	  
	  
NMR:	  Nuclear	  Magnetic	  Resonance	  
BCAA:	  Branched	  Chain	  Amino	  Acids	  
	  
NOESY:	  Nuclear	  Overhauser	  effect	  Spectroscopy	  
BHMT:	  Betaine-­‐homocysteine-­‐methyltransferase	  
	  




OSC:	  Orthogonal	  Signal	  Correction	  
CARB-­‐R:	  Carbohydrate	  restricted	  
	  
PAG:	  Phenylacetylglycine	  
CDP-­‐choline:	  Cytidine	  diphosphate-­‐choline	  
	  
PAH:	  Phenylalanine	  hydroxylase	  
CHD:	  Coronary	  heart	  disease	  
	  
PC:	  Principalle	  component	  
CK:	  Creatine	  kinase	  
	  
PCA:	  Principal	  Components	  Analysis	  
CMP:	  Cytidine	  monophosphate	  
	  
PCR:	  Polymerase	  chain	  reaction	  
COSY:	  Correlation	  Spectroscopy	  
	  
PEMT:	  Phosphatidyl	  ethanolamine	  methyltransferase	  
CPMG:	  Carr-­‐Purcell-­‐Meiboom-­‐Gill	  
	  
PLS:	  Projection	  to	  latent	  structures	  	  
DGGE:	  Denaturing	  Gradient	  Gel	  Electrophoresis	  
	  
PLS-­‐DA:	  projection	  to	  latent	  structures	  discriminant	  
analysis	  
DKA:	  Diabetic	  ketoacidosis	  
	  
ppm:	  Parts	  Per	  Million	  
DMA:	  Dimethylamine	  
	  
RD:	  Relaxation	  delay	  
DMG:	  Dimethylglycine	  
	  
RDP:	  Ribosomal	  Database	  Project	  
DNA:	  Deoxyribonucleic	  acid	  
	  
RSPA:	  Recursive	  segment-­‐wise	  peak	  alignment	  
FAT-­‐R:	  Fat	  restricted	  
	  
RT	  PCR:	  Real-­‐time	  quantitative	  polymerase	  chain	  
reaction	  	  
FFA:	  Free	  fatty	  acids	  
	  
SAH:	  S-­‐adenosylhomocysteine	  
FIAF:	  Fasting-­‐induced	  adipose	  factor	  
	  
SAM:	  S-­‐Adenosyl	  methionine	  
FID:	  Free	  Induction	  Decay	  
	  
SCFA:	  Short	  Chain	  Fatty	  Acid	  	  
FISH:	  Fluorescent	  In	  Situ	  Hybridisation	  
	  
SPF:	  Specific	  pathogen-­‐free	  
FMO:	  	  Flavin-­‐containing	  monooxygenase	  
	  
STOCSY:	  Statistical	  Correlation	  Spectroscopy	  
GAMT:	  Guanidinoacetate	  methyltransferase	  
	  
T2DM:	  Type	  II	  diabetes	  mellitus	  
GI:	  Gastrointestinal	  
	  
TCA:	  	  Tri-­‐carboxylic	  acid	  	  
HDL:	  High-­‐density	  Lipoprotein	  
	  
TGGE:	  Temperature	  gradient	  gel	  electrophoresis	  
HMBC:	  Heteronuclear	  Multiple	  Bond	  Correlation	  
	  
TMA:	  Trimethylamine	  
HPLC:	  High-­‐performance	  liquid	  chromatography	  
	  
TMAO:	  Trimethylamine-­‐N-­‐oxide	  
HSQC:	  Heteronuclear	  Single	  Quantum	  Coherence	  	  
	  
TOCSY:	  Total	  Correlation	  Spectroscopy	  
Hz:	  Hertz	  
	  
TSP:	  	  3-­‐trimethylsilyl-­‐1-­‐[2,2,3,3,-­‐2H4]	  proprionate	  
IBD:	  Inflammatory	  Bowel	  Disease	  
	  
U.V:	  Unit	  Variance	  
JRES:	  J-­‐resolved	  spectrometry	  
	  
VLDL:	  Very	  low-­‐density	  Lipoprotein	  
	   	  
WGS:	  Whole-­‐genome	  shotgun	  
	   	  
ZDF:	  Zucker	  diabetic	  rats	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1.	   Introduction	  	  
	  
Obesity	   is	  a	   rapidly	  growing	  problem	   in	  the	  western	  world	  with	  approximately	  one	  
third	  of	  adults	  in	  the	  United	  States	  classified	  as	  obese	  (BMI	  >	  30)	  (Flegal,	  Carroll	  et	  al.	  
2010).	  It	  is	  well	  established	  that	  obesity	  is	  a	  component	  of	  ‘the	  metabolic	  syndrome’	  
(see	   figure	   1	   for	   definitions),	   which	   involves	   insulin	   resistance,	   hyperglycaemia,	  
dyslipidaemia	   and	   hypertension	   (Alberti,	   Zimmet	   et	   al.	   2005),	   with	   the	   former	  
complication	   directly	   affecting	   endogenous	   metabolism.	   Current	   knowledge	  
regarding	   the	   impact	   of	   obesity	   upon	  host	  metabolism	   is	   limited;	   however,	   recent	  
studies	  have	  found	  differences	  to	  exist	  between	  the	  gut	  microbiota	  composition	  of	  
obese	  and	  lean	  individuals,	  and	  gut	  microbial	  composition	  and	  activity	  has	  a	  strong	  
influence	  over	  the	  host	  metabolic	  phenotype	  (Holmes	  and	  Nicholson	  2005).	  The	  aim	  
of	   this	   thesis	   is	   to	   investigate	   adiposity-­‐induced	   metabolic	   perturbation,	   and	   the	  
interactions	   of	   the	  mammalian	   host	   and	  microbiota,	   in	   the	   Zucker	   rat,	   in	   order	   to	  
gain	  a	  better	  understanding	  of	  how	  obesity	  affects	  metabolism	  in	  man.	  
	  
The	   obesity	   epidemic	   is	   a	   complex	   problem,	   with	   a	   variety	   of	   underlying	   factors;	  
these	  include,	  most	  obviously,	  excessive	  food	  intake	  and	  diminished	  physical	  activity,	  
which	   has	   been	   attributed	   to	   a	  modern	   environment,	  which	   promotes	   the	   former	  
and	  gives	   individuals	   less	  opportunity	   for	  physical	  exercise	   in	  day	  to	  day	   life.	   It	  has	  
also	   been	   proposed	   that	   humans	   have	   not	   evolved	   with	   strong	   physiological	  
mechanisms	   to	   defend	   against	   weight	   gain	   (Hill	   and	   Peters	   1998).	   Individual	  
susceptibility	  to	  obesity	  may	  be	  due	  to	  a	  combination	  of	  genetic	  predisposition	  and	  
various	   environmental	   factors,	   and	   the	   epidemiological	   evidence	   indicates	   that	  
genetics,	  availability	  of	  food	  and	  behavioural	  changes	  cannot	  entirely	  account	  for	  the	  
constant	   increase	   in	   obesity	   in	   developed	   countries	   (Raoult	   2008).	   Many	   recent	  
studies	   have	   suggested	   that	   the	   intestinal	   microbiota	   plays	   a	   significant	   role	   in	  
caloric	  extraction	  from	  the	  diet	  and	  also	  affects	  host	  energy	  metabolism	  and	  storage.	  
This,	   together	  with	   evidence	   suggesting	   that	   alterations	   in	   the	   composition	   of	   the	  
microbiota	  are	  associated	  with	  obesity,	  indicates	  that	  the	  microbiota	  is	  an	  important	  
factor	  in	  the	  predisposition	  and	  development	  of	  this	  disease	  state.	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Figure	   1:	   Glossary	   of	   terms.	   Definitions	   aggregated	   from:	   “Diagnosis	   and	   Management	   of	   the	   Metabolic	  
Syndrome.”(Grundy,	   Cleeman	   et	   al.	   2005);	   “Gut	   microorganisms,	   mammalian	   metabolism	   and	   personalized	  
health	  care.”	  (Nicholson,	  Holmes	  et	  al.	  2005);	  “Harmonizing	  the	  metabolic	  syndrome:	  a	  joint	  interim	  statement	  of	  
the	   International	   Diabetes	   Federation	   Task	   Force	   on	   Epidemiology	   and	   Prevention;	   National	   Heart,	   Lung,	   and	  
Blood	  Institute;	  American	  Heart	  Association;	  World	  Heart	  Federation;	  International	  Atherosclerosis	  Society;	  and	  
International	  Association	  for	  the	  Study	  of	  Obesity.”	  (Alberti,	  Eckel	  et	  al.	  2009);	  “The	  core	  gut	  microbiome,	  energy	  
balance	  and	  obesity.”	  (Turnbaugh	  and	  Gordon	  2009);	  “Honor	  Thy	  Gut	  Symbionts	  Redux.”	  (Gordon	  2012).	  
	  
1.1	   The	  intestinal	  microbiome	  
	  
The	  human	  intestinal	  tract	  harbours	  a	  rich	  microbial	  ecosystem,	  containing	  up	  to	  100	  
trillion	  microorganisms;	  most	  of	  these	  are	  anaerobic	  bacterial	  species,	  but	  there	  are	  
also	   yeasts,	   archaeal	   species	   and	   parasites,	   which	   are	   collectively	   known	   as	   the	  
intestinal	   microbiota	   (Backhed,	   Ley	   et	   al.	   2005).	   The	   colon	   is	   much	  more	   densely	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populated	   compared	   to	   the	   upper	   gastro-­‐intestinal	   tract;	   densities	   reach	  
approximately	   1011-­‐1012	   cells/ml	   (Ley,	   Peterson	   et	   al.	   2006),	  making	   this	   the	  most	  
biodense	  natural	   bacterial	   ecosystem	  known	   (Whitman,	   Coleman	   et	   al.	   1998).	   The	  
collective	  genome	  of	  the	   intestinal	  microbiota	  (known	  as	  the	  microbiome)	  contains	  
at	  least	  100	  times	  as	  many	  genes	  as	  the	  human	  genome	  (Gill,	  Pop	  et	  al.	  2006).	  The	  
microbiome	  can	  be	  seen	  as	  an	  “extended	  genome”,	  and	   this	   symbiosis	   results	   in	  a	  
range	  of	  essential	  activities	   involved	  with	  metabolism,	   immune	   function	   	  and	  gene	  
expression	   (Kinross,	   von	   Roon	   et	   al.	   2008;	   Backhed	   2011;	   Hooper,	   Littman	   et	   al.	  
2012).	  Although	   two	  phyla	  of	   anaerobic	   bacteria	   dominate	   the	  human	  microbiota,	  
the	   Bacteroidetes	   and	   Firmicutes,	   it	   has	   been	   found	   that	   intestinal	   bacteria	  
populations	  vary	  hugely	  between	  individuals	  at	  the	  species	  level	  (Eckburg,	  Bik	  et	  al.	  
2005).	   It	   has	   been	   postulated	   that	   humans	   might	   have	   a	   “core	   microbiome”	   of	  
shared	  microbial	  genes,	  with	  common	  functionality	  rather	  than	  organismal	  similarity	  
(Turnbaugh,	   Hamady	   et	   al.	   2009).	   It	   is	   not	   yet	   known	   exactly	   how	   important	   host	  
genotype,	   maternal	   microbiota,	   diet,	   and	   other	   environmental	   factors	   are	   for	  
modulating	   the	   gut	   microbiota,	   and	   also	   precisely	   how	   the	   diversity	   of	   the	  
microbiota	  varies	  with	  time	  in	  an	  individual.	  
	  
There	   is	   increasing	   evidence	   suggesting	   that	   imbalances	   in	   intestinal	   microbiota	  
populations	   are	   implicated	   in	   a	   range	  of	   disease	   states	   in	   the	   host,	   including	   non-­‐
alcoholic	   fatty	   liver	   disease	   (NAFLD)	   (Henao-­‐Mejia,	   Elinav	   et	   al.	   2012)	   and	   various	  
gastrointestinal	  diseases	  such	  as	  inflammatory	  bowel	  disease,	  colorectal	  cancer	  and	  
irritable	  bowel	   syndrome	   (O'Mahony,	  Feeney	   et	  al.	  2001;	  Swidsinski,	   Ladhoff	   et	  al.	  
2002;	  Maukonen,	  Satokari	  et	  al.	  2006).	  In	  addition,	  several	  studies	  have	  illustrated	  a	  
connection	   between	   alterations	   in	   the	   populations	   and	   activity	   of	   the	   intestinal	  
microbiota,	  and	  an	  association	  with	  obesity	  in	  animals	  and	  in	  man	  (Ley,	  Bäckhed	  et	  
al.	  2005;	  Turnbaugh,	  Ley	  et	  al.	  2006;	  Geurts,	  Lazarevic	  et	  al.	  2011;	  Ley,	  Turnbaugh	  et	  
al.	   2006;	   Nadal,	   Santacruz	   et	   al.	   2008;	   Turnbaugh,	   Hamady	   et	   al.	   2009).	   It	   is	  
becoming	   increasingly	   apparent	   that	   gut	   microbial	   ecology	   is	   a	   significant	  
environmental	   factor	   associated	   with	   the	   development	   of	   obesity	   and	   metabolic	  
syndrome.	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1.2	   The	  microbiota	  and	  energy	  harvest	  
	  
The	   intestinal	   microbiota	   are	   beneficial	   for	   the	   host	   in	   several	   respects;	   they	   are	  
involved	  in	  the	  generation	  of	  H2,	  CO2,	  methane	  gas,	  lysine,	  vitamin	  K,	  B	  vitamins	  and	  
the	  conversion	  of	  urea	  to	  ammonia	  (Forsythe	  and	  Parker	  1985;	  Hooper,	  Midtvedt	  et	  
al.	  2002).	  The	  microbiota,	  via	  the	  enterohepatic	  circulation,	  are	  also	  involved	  in	  bile	  
acid	  transformation,	  and	  thus	   lipid	  absorption	  from	  the	  intestine.	  Several	  strains	  of	  
Bacteroides	   have	  been	   implicated	   in	  bile	  acid	  deconjugation	  and	  Clostridia	  may	  be	  
potentially	   important	   for	   7α-­‐dehydroxylation	   of	   free-­‐form	   primary	   bile	   acids	  
(Narushima,	  Itoha	  et	  al.	  2006).	  One	  of	  the	  key	  activities	  of	  the	  microbiota	  is	  energy	  
extraction	   and	   metabolism	   of	   otherwise	   indigestible	   dietary	   components.	   Certain	  
microbiota	   populations	   are	   able	   to	   use	   a	   large	   range	   of	   glycoside	   hydrolases	   and	  
polysaccharide	  lysases,	  which	  are	  not	  encoded	  in	  the	  human	  genome	  (Sonnenburg,	  
Xu	   et	   al.	   2005).	   In	   addition,	   the	   microbiota	   are	   known	   to	   metabolise	   complex	  
carbohydrates,	   producing	  monosaccharides	   and	   the	   short	   chain	   fatty	   acids	   (SCFAs)	  
acetate,	   propionate	   and	   butyrate.	   This	   metabolism	   is	   of	   huge	   importance	   to	   the	  
host;	   for	   example,	   the	   butyrate,	   produced	   largely	   by	   anaerobic	   bacteria	   of	   the	  
Clostridia	   class,	   supplies	   human	   colonocytes	  with	   50-­‐70%	   of	   their	   required	   energy	  
(Pryde,	  Duncan	  et	  al.	  2002).	  The	  total	  effect	  of	  this	  additional	  energy	  extraction	  may	  
amount	  to	  an	  increase	  of	  100	  kcal/d	  (Mackowiak	  1982).	  
	  
A	   study	   in	   2004	   demonstrated	   the	   increase	   in	   energy	   extraction	   caused	   by	   the	  
presence	   of	   the	   intestinal	   microbiota	   in	   mice	   (Bäckhed,	   Ding	   et	   al.	   2004).	  
Comparison	   of	   8-­‐10	   week	   old	   conventional	   mice	   (which	   harboured	   a	   microbiota	  
from	  birth),	  with	  germ-­‐free	  mice,	   revealed	   that	   the	   conventional	   animals	  had	  42%	  
more	   total	  body	   fat	   compared	   to	   the	  germ-­‐free	  mice,	  despite	   consuming	  29%	   less	  
food	  than	  the	  germ-­‐free	  animals.	  Furthermore,	  the	  conventionalisation	  of	  germ-­‐free	  
mice	   with	   intestinal	   flora	   from	   the	   cecum	   of	   conventional	   mice	   produced	   a	   57%	  
increase	   in	   total	  body	   fat	   content	  after	  14	  days,	  despite	  an	  associated	  decrease	   in	  
chow	   consumption.	   Additionally,	   the	   increase	   in	   body	   fat	  was	   accompanied	   by	   an	  
insulin-­‐resistant	  state	  (Bäckhed,	  Ding	  et	  al.	  2004).	  This	  study	  not	  only	  demonstrated	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the	   increased	   efficiency	   in	   dietary	   caloric	   extraction	   due	   to	   the	   presence	   of	   the	  
intestinal	  microbiota,	   but	   also	   the	  associated	  promotion	  of	   fat	  disposition.	   Further	  
studies	  have	  indicated	  that	  germ-­‐free	  mice	  are	  protected	  against	  obesity	  induced	  by	  
a	   ‘Western-­‐style’,	   high	   fat,	   high	   sugar	  diet	   (Backhed,	  Manchester	   et	   al.	   2007),	   and	  
high-­‐fat	   feeding	   (Rabot,	   Membrez	   et	   al.	   2010).	   Backhed	   et	   al.	   found	   that	   after	   8	  
weeks	  of	   feeding	  germ-­‐free	  and	   conventionalised	  mice	   the	  Western-­‐style	  diet,	   the	  
conventionalised	   animals	   had	   gained	   significantly	  more	  weight	   that	   the	   germ-­‐free	  
animals	  (P<0.05)	  (Backhed,	  Manchester	  et	  al.	  2007).	  	  
	  
The	   association	   of	   the	   intestinal	  microbiota	   with	   energy	   homeostasis	   and	  weight-­‐
gain	  was	  also	  recently	  emphasised	  by	  a	  study	  employing	  antibiotic	  treatment	  in	  mice	  
fed	  a	  low-­‐	  or	  high-­‐fat	  diet.	  Compared	  with	  high-­‐fat	  diet-­‐induced	  obese	  controls,	  the	  
high-­‐fat	   fed	  mice	   treated	  with	   vancomycin	   gained	   less	  weight	   over	   the	   treatment	  
period,	   despite	   similar	   caloric	   consumption,	   and	   had	   lower	   fasting	   blood	   glucose,	  
plasma	   TNFα	   and	   triglyceride	   concentrations.	   These	   metabolic	   changes	   were	  
associated	  with	  decreases	  in	  the	  relative	  abundances	  of	  Firmicutes	  and	  Bacteroidetes	  
and	  a	  significant	   increase	   in	  Proteobacteria	   (Murphy,	  Cotter	  et	  al.	  2012).	  Antibiotic	  
treatment	  has	  also	  been	  found	  to	  reduce	  metabolic	  endotoxaemia,	  an	  effect	  which	  
correlated	   with	   reduced	   glucose	   intolerance,	   body	   weight	   gain,	   fat	   mass	  
development	   and	   lower	   inflammation.	  Antibiotic	   treatment	   also	   reduced	   intestinal	  
permeability	  associated	  with	  high	  fat	  feeding	  (Cani,	  Bibiloni	  et	  al.	  2008).	  
	  
Microorganisms	   other	   than	   bacteria	   have	   been	   shown	   to	   influence	   dietary	   energy	  
extraction,	   such	   as	   the	   archaeal	   species	   Methanobrevibacter	   smithii,	   the	   most	  
predominant	  archaeal	  species	   found	   in	  the	  human	  colon	  (Eckburg,	  Bik	  et	  al.	  2005).	  
The	   fermentation	   of	   starch	   by	   the	   microbiota	   results	   in	   an	   accumulation	   of	  
hydrogen,	  which	   has	   been	   shown	   to	   inhibit	   further	   fermentation.	   Consumption	   of	  
the	  excess	  hydrogen	  via	  archaeal	  methanogenesis	  improves	  fermentation	  efficiency	  
(Stams	   1994).	   The	   complex	   interaction	   between	   anaerobic	   bacteria	   and	   archaeal	  
species	  was	  demonstrated	  in	  a	  study	  which	  highlighted	  the	  potential	  implications	  of	  
these	  interactions	  for	  caloric	  harvest	  from	  the	  diet.	  Germ-­‐free	  mice	  were	  colonised	  
either	  with	  Bacteroides	   thetaiotaomicron,	  a	  saccharolytic	  bacterium	  (Xu,	  Bjursell	  et	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   20	  
	  
al.	  2003),	  or	  with	  Bacteroides	   thetaiotaomicron	  and	  M.	   smithii	   together.	  Mice	   that	  
were	   colonised	  with	  Bacteroides	   thetaiotaomicron	  and	  M.	   smithii	   had	   significantly	  
greater	   epididymal	   fat	   pad	   weights	   compared	   to	   mice	   that	   were	   colonised	   with	  
Bacteroides	  thetaiotaomicron	  alone	  (P<0.05)	  (Samuel	  and	  Gordon	  2006).	  
1.3	   A	  microbiota	  associated	  with	  obesity	  in	  animal	  models	  
	  
The	  microbiota	  of	  lean	  and	  obese	  animals	  have	  been	  found	  to	  differ,	  most	  noticeably	  
in	  terms	  of	  the	  relative	  proportions	  of	  populations	  of	  Bacteroidetes	  and	  Firmicutes.	  
This	  was	   illustrated	  by	  a	   comparison	  of	   the	  16S	   rRNA	  gene	  sequences	  of	   the	  cecal	  
microbiota	  from	  8	  week	  old	  lean	  (ob/+)	  and	  (+/+),	  and	  leptin-­‐deficient	  obese	  (ob/ob)	  
mice	  by	   Ley	  et	  al.	  Despite	   all	   animals	  being	   fed	   the	   same	  polysaccharide-­‐rich	  diet,	  
the	  obese	  mice	  were	  found	  to	  have	  50%	  less	  Bacteroidetes,	  and	  a	  significantly	  higher	  
proportion	  of	  Firmicutes,	  compared	  with	  the	   lean	  animals,	   indicating	  a	  relationship	  
between	   obesity	   and	   the	   relative	   proportions	   of	   these	   bacterial	   divisions	   (Ley,	  
Backhed	   et	   al.	   2005).	   Furthermore,	   in	   a	   study	   which	   used	   real-­‐time	   quantitative	  
polymerase	  chain	  reaction	  (RT	  PCR)	  to	  characterise	  the	  gut	  microbiota	  of	  obese	  and	  
lean	   pigs,	   the	   obese	   pigs	   were	   found	   to	   have	   lower	   proportion	   of	   Bacteroidetes	  
compared	   to	   the	   lean	   pigs	   (Guo,	   Xia	   et	   al.	   2008).	   In	   addition,	   animal	   studies	   have	  
highlighted	   a	   possible	   association	   of	   decreased	   Bifidobacteria	   with	   obesity;	   in	   an	  
analysis	  of	  caecal	  microbiota,	  mice	  that	  were	  fed	  a	  high	  fat	  diet	  were	  found	  to	  have	  
lower	  numbers	   of	  Bifidobacteria,	   compared	   to	   controls	   (P<0.05)	   (Cani,	   Amar	   et	   al.	  
2007).	   This	  was	   further	   supported	  by	   the	   finding	  of	   lower	  Bifidobacteria	   counts	   in	  
genetically	  obese	   (fa/fa)	  Zucker	   rats,	   compared	   to	   lean	  Zucker	   rats,	   and	  correlated	  
with	  reduced	  urinary	  excretion	  of	  hippurate	  in	  the	  obese	  rats	  (Waldram,	  Holmes	  et	  
al.	  2009).	  
	  
Further	  to	  this,	  a	  study	  by	  Turnbaugh	  et	  al.	  demonstrated	  that	  gut	  microbial	  ecology	  
may	  predispose	  the	  host	  to	  obesity,	  with	  an	  increased	  ability	  to	  harvest	  energy	  from	  
the	   diet,	   and	   that	   this	   trait	   is	   transmissible.	   Characterisation	   of	   the	   distal	   gut	  
microbiomes	   of	   obese	   (ob/ob)	   and	   lean	   (+/+)	   mice	   revealed	   that	   the	   ob/ob	  mice	  
were	   found	  to	  have	  a	  higher	   ratio	  of	  Firmicutes	   to	  Bacteroidetes,	   compared	  to	   the	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lean	  animals.	  Also,	   the	  obese	  animals	  were	  found	  to	  have	  significantly	   less	  calories	  
remaining	  in	  their	  faeces	  compared	  to	  the	  lean	  animals.	  The	  authors	  then	  colonised	  
germ-­‐free	  mice	  with	  a	  microbiota	  harvested	   from	   the	  caecum	  of	  obese	   (ob/ob)	  or	  
lean	   (+/+)	   mice.	   After	   14	   days,	   the	   recipients	   of	   the	   obese	   microbiota	   gained	  
significantly	   more	   body	   fat	   compared	   to	   the	   recipients	   of	   the	   lean	   microbiota,	  
despite	  no	  significant	  difference	  in	  chow	  consumption,	  initial	  body	  weight,	  and	  initial	  
body	  fat,	  between	  the	  recipients	  of	  obese	  and	  lean	  microbiota	  (Turnbaugh,	  Ley	  et	  al.	  
2006).	  
1.4	   Differences	  in	  microbial	  composition	  between	  lean	  and	  
obese	  humans	  
	  
As	   in	   animal	   studies,	   several	   studies	   in	   man	   have	   described	   a	   difference	   in	   the	  
microbiota	   of	   obese	   and	   lean	   individuals,	   at	   the	   phylum	   level,	   and	   it	   has	   been	  
proposed	  that	  this	  difference	  may	  underlie	  a	  susceptibility	  to	  obesity.	  In	  a	  relatively	  
small	   human	   study,	   12	   obese	   individuals	   were	   randomly	   assigned	   to	   either	   a	   fat-­‐
restricted	   (FAT-­‐R)	   or	   carbohydrate-­‐restricted	   (CARB-­‐R)	   low	   calorie	   diet,	   and	   the	  
composition	  of	  their	  intestinal	  microbiota	  were	  monitored	  over	  a	  one	  year	  period.	  At	  
the	  beginning	  of	  the	  study,	  the	  obese	  individuals	  had	  fewer	  Bacteroidetes	  (P<0.001),	  
and	  a	  greater	  number	  of	  Firmicutes	  (P=0.002),	  compared	  to	  lean	  controls.	  Over	  the	  
course	   of	   the	   study,	   the	   relative	   abundance	   of	   Bacteroidetes	   increased,	   and	   the	  
number	  of	  Firmicutes	  decreased,	  regardless	  of	  which	  diet	  the	  individual	  was	  assigned	  
to.	   The	   changes	   seen	  were	   division-­‐wide,	   and	  not	   due	   to	   blooms	  or	   extinctions	   in	  
specific	   species.	   The	   increase	   in	   Bacteroidetes	   correlated	   with	   percentage	   loss	   of	  
body	  weight	  and	  not	  with	  changes	  in	  caloric	  intake	  over	  time	  (Ley,	  Turnbaugh	  et	  al.	  
2006).	  This	  study	  gave	  an	  insight	  into	  the	  relationship	  between	  caloric	  intake	  and	  the	  
impact	  on	  intestinal	  microbial	  ecology,	  and	  thus,	  host	  metabolism.	  
	  
This	   shift	   in	   the	   relative	  proportions	  of	  Firmicutes	   and	  Bacteroidetes	  during	  weight	  
loss	   was	   also	   seen	   in	   a	   study	   of	   39	   overweight	   and	   obese	   adolescents,	   using	  
fluorescence	   in	   situ	   hybridization	   (FISH)	   analysis.	   Specific	   changes	   were	   noted	   in	  
Clostridium	   histolyticum	   and	   Eubacterium	   rectale/Clostridium	   coccoides,	   which	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belong	   to	   the	   division	   of	   Firmicutes,	   and	   also	   Bacteroides-­‐Prevotella	   (Nadal,	  
Santacruz	  et	  al.	  2009).	  Another	  FISH-­‐based	  study	  found	  that	  the	  composition	  of	  the	  
intestinal	   microbiota	   in	   infancy	   correlated	   with	   leanness	   or	   obesity	   at	   the	   age	   of	  
seven	   years,	   and	   that	   gut	   microbial	   differences	   therefore	   preceded	   overweight	  
development.	   Samples	   from	   children	   aged	   6	   and	   12	  months	  were	   analysed	   and	   it	  
was	  found	  that	  higher	  Bifidobacteria	  counts	  were	  associated	  with	  children	  that	  were	  
a	   normal	   weight	   at	   seven	   years.	   Also,	   children	   who	   became	   overweight	   at	   seven	  
years	   were	   found	   to	   have	   higher	   counts	   of	   Staphylococcus	   aureus,	   compared	   to	  
children	  who	  were	  a	  normal	  weight	  at	  seven	  years	  (Kalliomaki,	  Collado	  et	  al.	  2008).	  
This	  study	  highlighted	  the	  possible	  importance	  of	  gut	  microbial	  establishment	  in	  the	  
early	   stages	  of	   life,	   potentially	   impacting	  on	  host	  metabolism	   in	   later	   life.	  Another	  
interesting	   finding	  was	   that	  of	   an	  association	  between	  bacterial	  overgrowth	   in	   the	  
small	   intestine	   and	   obesity,	   the	   phenomenon	   was	   found	   to	   be	   more	   common	   in	  
morbidly	  obese	  patients,	  than	  in	  individuals	  of	  a	  normal	  weight	  (Sabate,	  Jouet	  et	  al.	  
2008).	  
	  
More	   recently,	   a	   metagenomic	   study	   of	   154	   individuals,	   comprising	   adult	  
monozygotic	  and	  dizygotic	   twin	  pairs	  concordant	   for	   leanness	  or	  obesity,	  and	  their	  
mothers,	   found	   that	   obesity	   was	   associated	   with	   phylum-­‐level	   alterations	   in	   gut	  
microbial	  ecology	  and	  reduced	  bacterial	  diversity.	  The	  obese	  individuals	  were	  found	  
to	   have	   lower	   proportions	   of	   Bacteroidetes	   and	   a	   higher	   proportion	   of	  
Actinobacteria,	  compared	  to	  the	   lean	   individuals.	   It	  was	   found	  that	   ‘inheritance’	  of	  
the	  gut	  microbiota	  was	  significantly	  influential	  for	  the	  composition	  of	  the	  microbiota;	  
although	   there	   was	   huge	   variation	   in	   the	   specific	   bacterial	   lineages	   present	  
(Turnbaugh,	  Hamady	  et	  al.	  2009).	  
	  
The	   relationship	   between	   obesity	   and	   the	   relative	   proportions	   of	   Firmicutes	   and	  
Bacteroidetes	  may	  be	  much	  more	  complex	  than	  these	  studies	  perhaps	  indicate.	  For	  
example,	  a	  small	  study	  which	   looked	  at	   the	  microbiota	  of	  normal	  weight,	  morbidly	  
obese,	   and	   post-­‐gastric-­‐bypass	   surgery	   individuals,	   found	   that	   Firmicutes	   were	  
reduced	   in	   the	  post-­‐gastric-­‐bypass	   individuals,	   compared	   to	   the	   lean	  and	  morbidly	  
obese	   individuals.	   However,	   a	   subgroup	   of	   Bacteroidetes	   (Prevotellaceae)	   were	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significantly	   enriched	   in	   the	   obese	   individuals	   (Zhang,	   DiBaise	   et	   al.	   2009).	   In	  
addition,	   there	   have	   been	   other	   studies	   which	   have	   found	   higher	   numbers	   of	  
Bacteroidetes	   during	   excessive	  weight	   gain	   or	   obese	   compared	   to	   lean	   individuals	  
(Collado,	   Isolauri	   et	   al.	   2008;	   Schwiertz,	   Taras	   et	   al.	   2010),	   or	   no	  difference	   in	   the	  
proportions	  of	  Bacteroidetes	  between	  obese	  and	  lean	  groups	  (Duncan,	  Lobley	  et	  al.	  
2008).	  Nevertheless,	  these	  studies	  highlighted	  specific	  differences	  in	  other	  bacterial	  
groups	   such	   as	   Staphylococcus	   aureus,	   Bifidobacteria,	   Roseburia,	   Eubacterium	   and	  
Clostridium	   spp.	   Thus,	   it	   is	   clear	   that	   it	   is	   too	   broad	   a	   taxonomic	   description	   to	  
compare	  microbiota	   in	   terms	   of	   Bacteroidetes	   (Hoyles	   and	  McCartney	   2009),	   and	  
that	  there	  may	  be	  complex	  relationships	  between	  the	  gut	  microbiota	  and	  obesity	  at	  
the	   genus	   level,	   as	   has	   been	   found	   with	   Bifidobacteria	   (Santacruz,	   Marcos	   et	   al.	  
2009).	   Taken	   together,	   these	   data	   imply	   that	   small	   changes	   and	   very	   specific	  
modulation	   of	   intestinal	   microbial	   ecology	   are	   related	   to	   the	   development	   of	  
obesity.	  
	  
Recently,	   the	   potential	   of	   gut	   microbiota	   transplants,	   from	   lean	   individuals,	   in	  
addressing	   the	   metabolic	   aspects	   of	   obesity,	   has	   been	   explored	   in	   subjects	   with	  
metabolic	   syndrome.	   Subjects	   were	   randomly	   assigned	   to	   receive	   either	   small	  
intestinal	   infusions	  of	   allogenic	   (from	  a	   lean	  donor)	   or	   autologous	  microbiota.	   The	  
group	   given	   the	   microbiota	   from	   lean	   donors	   were	   found	   to	   have	   significantly	  
(P<0.05)	   increased	   peripheral	   insulin	   sensitivity,	   and	   increased	   butyrate-­‐producing	  
gut	  microbiota	   at	   six	  weeks-­‐post	   treatment	   (Vrieze,	   Van	  Nood	  et	   al.	   2012).	  Whilst	  
faecal	   transplants	   are	   not	   currently	   seen	   as	   a	   practical	   and	   risk-­‐free	   possibility	   for	  
treating	   the	  metabolic	  aspects	  of	  obesity	  and	  diabetes,	   this	  work	  has	  given	   insight	  
into	   the	   role	   of	   the	   intestinal	   microbiota	   in	   blood	   glucose	   regulation,	   and	   the	  
possibilities	  of	  modulating	  the	  intestinal	  microbiota	  in	  order	  to	  control	  some	  of	  the	  
host	   metabolism	   alterations	   associated	   with	   metabolic	   syndrome	   and	   type	   2	  
diabetes.	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1.5	   Mechanisms	  underlying	  the	  relationship	  between	  obesity	  
and	  the	  gut	  microbiota	  
	  
Several	   mechanisms	   have	   been	   proposed	   for	   how	   alterations	   in	   the	   intestinal	  
microbial	  ecology	  of	  an	  individual	  could	  be	  implicated	  in	  the	  development	  of	  obesity.	  
Firstly,	  as	  already	  mentioned,	   the	  presence	  of	  a	  gut	  microbiota	  has	  been	  shown	  to	  
increase	  the	  energy	  harvested	  from	  dietary	  components.	  Further	  to	  this,	  a	  study	  of	  
mice	   showed	   that	   the	   presence	   of	   an	   intestinal	   microbiota	   resulted	   in	   increased	  
monosaccharide	   uptake	   by	   the	   host	   and	   also	   increased	   hepatic	   production	   of	  
triglycerides.	   It	   was	   also	   shown	   that	   the	   intestinal	   microbiota	   is	   associated	   with	  
suppression	  of	  fasting-­‐induced	  adipose	  factor	  (Fiaf)	  (also	  known	  as	  angiopoietin-­‐like	  
protein	  4).	  Fiaf	  is	  an	  inhibitor	  of	  LPL,	  and	  increased	  adipocyte	  lipoprotein	  lipase	  (LPL)	  
activity	   results	   in	   increased	   uptake	   of	   fatty	   acids	   and	   also	   adipocyte	   triglyceride	  
accumulation.	  Thus,	  it	  was	  shown	  that	  the	  microbiota	  mediated	  triglyceride	  storage	  
in	  adipocytes	  through	  suppression	  of	  this	  LPL	  inhibitor	  (Bäckhed,	  Ding	  et	  al.	  2004).	  
	  
Secondly,	   it	  was	   found	   that	  germ-­‐free	  mice	  were	  protected	   from	  a	   ‘Western-­‐style’	  
diet,	   and	   that	   these	   mice	   had	   increased	   activity	   of	   phosphorylated	   adenosine	  
monophosphate	   (AMP)-­‐activated	   protein	   kinase	   (AMPK)	   in	   the	   liver	   and	   skeletal	  
muscle,	   which	   was	   associated	   with	   increased	   fatty	   acid	   oxidation	   in	   peripheral	  
tissues	  and	  resulted	  in	  reduced	  glycogen	  levels.	   It	  was	  suggested	  that	  the	  presence	  
of	   a	  microbiota	  may	   inhibit	   fatty	   acid	   oxidation,	   through	   a	   pathway	   involving	   the	  
phosphorylation	  of	  AMPK	  (Backhed,	  Manchester	  et	  al.	  2007).	  In	  addition,	  it	  has	  also	  
been	   suggested	   that	   the	  gut	  microbiota	  might	  have	   the	  capacity	   to	  modulate	  host	  
gene	  expression	  associated	  with	  energy	  metabolism,	  via	  the	  production	  of	  SCFAs.	  It	  
was	   proposed	   that	   SCFAs	   may	   act	   as	   signalling	   molecules,	   with	   proprionate	   and	  
acetate	   identified	   as	   ligands	   for	   G-­‐protein-­‐coupled	   receptors	   expressed	   by	   gut	  
epithelial	  cells,	  specifically	  Gpr41.	  It	  was	  found	  that	  deficiency	  of	  Gpr41,	  in	  knockout	  
mice,	  was	  associated	  with	  faster	  intestinal	  transit	  rate	  and	  reduced	  caloric	  extraction	  
from	  the	  diet.	  Hence,	  it	  was	  suggested	  that	  the	  microbial	  population	  may	  affect	  host	  
energy	  metabolism	  via	  a	  pathway	  involving	  Gpr41	  (Samuel,	  Shaito	  et	  al.	  2008).	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   25	  
	  
	  
The	  gut	  microbiota	  have	  also	  been	  implicated	  in	  a	  mechanism	  that	  may	  contribute	  to	  
the	   low-­‐grade	   inflammation	   associated	   with	   obesity	   and	   metabolic	   syndrome.	  
Investigators	   identified	   bacterial	   lipopolysaccharide	   (LPS)	   as	   a	   potential	   factor	   in	  
initiating	   insulin	   resistance	   and	   “metabolic	   endotoxaemia”	   following	   dietary	  
modulation	  of	  the	  composition	  of	  the	  intestinal	  bacteria	  via	  high-­‐fat	  feeding	  in	  mice	  
(Cani,	  Amar	  et	  al.	  2007).	  Additionally,	  high-­‐fat	  feeding	  was	  associated	  with	  increased	  
intestinal	   permeability	   (Cani,	   Bibiloni	   et	   al.	   2008),	   creating	   a	   mechanism	   for	  
increased	   LPS	   absorption	   by	   the	   host,	   leading	   to	   increased	   endotoxaemia	   and	  
inflammation.	   The	   relationship	   between	   the	  microbiota	   and	   host	   intestinal	   barrier	  
function	  was	  then	  further	  tested	  via	  prebiotic	  modulation	  of	  gut	  microbiota,	  in	  order	  
to	  decrease	   intestinal	  permeability,	  and	   thus	   reduce	  absorption	  of	   LPS	  by	   the	  host	  
(Cani,	  Possemiers	  et	  al.	  2009).	  
	  
1.6	   Metabonomics	  as	  a	  tool	  for	  the	  analysis	  of	  host-­‐microbial	  
interaction	  
	  
Studies	  combining	   information	  regarding	  the	  composition	  of	  the	  microbiota,	  with	  a	  
metabonomic	   approach	   to	   identify	   changes	   in	   host	   metabolite	   profiles,	   provide	  
another	   route	   to	   increase	   our	   understanding	   of	   the	   complex	   host-­‐microbial	  
relationships	  and	  how	  the	  microbiota	  impact	  on	  host	  metabolism.	  
	  
Several	  urinary	  metabolites	  are	  the	  result	  of	  gut	  microbial-­‐host	  co-­‐metabolism,	  and	  
as	   such,	   analysis	   of	   these	  metabolites	   provides	   an	   insight	   into	   intestinal	  microbial	  
activity	   and	   functional	   host-­‐microbiota	   relationships.	   These	   metabolites	   include:	  
methylamines,	   indole	   derivatives,	   bile	   acids,	   and	   phenolic,	   benzoyl,	   and	   phenyl	  
derivatives	  (Nicholson,	  Holmes	  et	  al.	  2005;	  Holmes,	  Li	  et	  al.	  2011;	  Swann,	  Tuohy	  et	  
al.	   2011;	   Zheng,	   Xie	   et	   al.	   2011;	   Nicholson,	   Holmes	   et	   al.	   2012).	   Thus,	   metabolic	  
profiling	   serves	   as	   an	   ideal	   methodology	   to	   investigate	   the	   complex	   relationships	  
between	  host	  endogenous	  metabolism	  and	  gut	  microbial	  metabolism,	  in	  the	  context	  
of	  the	  obese	  disease	  state.	  	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   26	  
	  
	  
Additionally,	   multivariate	   statistical	   analyses	   can	   be	   used	   for	   the	   statistically	  
correlation	   of	   biofluid	   metabolic	   profile	   datasets,	   providing	   information	   regarding	  
the	   chemical	   output	   of	   host-­‐microbial	   metabolism,	   with	   metagenomic	   data,	  
providing	  the	  species	  composition	  of	  the	  intestinal	  microbiota.	  In	  this	  way,	  variation	  
in	   the	   species	   composition	   of	   the	   intestinal	   microbiota	   can	   be	   correlated	   with	  
variation	   in	   the	  metabotype	   of	   the	   host,	   giving	   further	   insight	   into	   host-­‐microbial	  
interaction	  (Li,	  Wang	  et	  al.	  2008;	  Waldram,	  Holmes	  et	  al.	  2009;	  Claesson,	  Jeffery	  et	  
al.	  2012).	  
	  
1.7	   The	  Zucker	  rat	  as	  an	  animal	  model	  of	  obesity	  and	  
metabolic	  syndrome	  	  
	  
The	   Zucker	   obese	   rat	   is	   one	   of	   the	   most	   widely	   used	   models	   of	   obesity;	   the	  
mutation,	  (fa),	  arose	  spontaneously	  from	  a	  cross	  between	  Sherman	  rats	  and	  an	  M-­‐
Merck	   strain	   of	   rat,	   and	   was	   identified	   as	   a	   single	   recessive	   gene	   from	   breeding	  
experiments	  conducted	  (Zucker	  and	  Zucker	  1961).	  There	  are	  three	  strains	  of	  Zucker	  
rat;	  homozygous	  obese	  (fa/fa),	  homozygous	  lean	  (+/+)	  and	  heterozygous	  lean	  (fa/+).	  
Homozygous,	   (fa/fa),	  males	   and	   females	   are	   infertile	   (Saiduddin,	   Bray	   et	   al.	   1973;	  
Bannister	  and	  Whitaker	  1985);	  consequently	  the	  obese	  homozygous	  (fa/fa)	  rats	  are	  
produced	  via	  crossing	  heterozygous	  (fa/+)	  rats.	  The	  characteristic	  phenotype	  of	  the	  
obese	   (fa/fa)	   Zucker	   rats	   is	   due	   to	   reduced	   leptin	   sensitivity	   (Cusin,	   Rohner-­‐
Jeanrenaud	  et	  al.	  1996).	  The	  ‘fa’	  mutation	  is	  a	  missense	  point	  mutation,	  resulting	  in	  a	  
glutamine	   to	  proline	  amino	  acid	   substitution	  at	  position	  269	  of	   the	   leptin	   receptor	  
(Takaya,	  Ogawa	  et	  al.	  1996).	  The	  consequence	  is	  that	  leptin	  receptors	  have	  reduced	  
leptin-­‐binding	   affinity,	   impaired	   signal	   transduction,	   and	   cell	   surface	   expression	   is	  
decreased	   (Yamashita,	  Murakami	   et	   al.	   1997;	   Crouse,	   Elliott	   et	   al.	   1998;	   da	   Silva,	  
Bjorbaek	  et	  al.	  1998).	  	  
	  
Leptin	   is	  secreted	  mainly	  by	  white	  adipose	  tissue	  in	  direct	  proportion	  to	  total	  body	  
fat	  stores	  (Considine,	  Sinha	  et	  al.	  1996);	  the	  hormone	  binds	  to	  receptors	  expressed	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in	  the	  brain	  and	  peripheral	  tissues	  and	  is	  involved	  in	  a	  range	  of	  complex	  pathways	  in	  
the	   regulation	   of	   energy	   homeostasis,	   neuroendocrine	   function	   and	   metabolism,	  
acting	  to	  suppress	  appetite	  and	  increase	  metabolic	  activity	  and	  energy	  expenditure	  
(Ahima	   and	   Flier	   2000).	   Conversely,	   in	   the	   case	   of	   leptin	   deficiency,	   pathways	   are	  
activated	   to	   stimulate	   appetite	   via	   increased	   expression	   of	   orexigenic	   (appetite-­‐
stimulating)	  peptides,	  such	  as	  melanin-­‐concentrating	  hormone,	  neuropeptide	  Y	  and	  
orexins;	   and	   the	   suppression	   of	   synthesis	   of	   anorectic	   (appetite-­‐diminishing)	  
neuropeptides	   (Robertson,	   Leinninger	   et	   al.	   2008).	   Obese	   humans	   (with	   no	  
mutations	   of	   the	   leptin	   gene),	   have	   been	   found	   to	   have	   high	   circulating	  
concentrations	   of	   leptin,	   suggesting	   that	   they	   have	   decreased	   sensitivity	   to	   leptin,	  
and	  have	  become	   resistant	   to	   its	  weight-­‐controlling	  effects	   (Considine,	   Sinha	   et	  al.	  
1996;	  Myers,	  Cowley	  et	  al.	  2008).	  Zucker	  rats	  have	  been	  shown	  to	  have	  significantly	  
elevated	   circulating	   leptin	   concentrations	   compared	   to	   lean	   Zucker	   rats	   (Hardie,	  
Rayner	   et	   al.	   1996),	   and	   it	   is	   in	   this	   respect	   that	   the	   Zucker	   obese	   rat	  mimics	   the	  
state	  of	  leptin-­‐resistance	  seen	  in	  obese	  humans.	  
	  
As	  a	  result	  of	  this	  deficiency,	  obese	  Zucker	  rats	  become	  obese	  at	  four	  to	  five	  weeks	  
of	   age,	   and	   are	   characterised	   by	   hyperphagia,	   hyperlipidaemia,	  
hyperlipoproteinemia,	  hyperinsulinaemia;	  and	   later	  hypertension,	   insulin-­‐resistance	  
and	   hyperglycaemia;	   sharing	   many	   classic	   signs	   of	   human	   metabolic	   syndrome	  
(Aleixandre	   de	   Artinano	   and	   Miguel	   Castro	   2009).	   By	   14	   weeks	   of	   age,	   body	  
composition	  is	  approximately	  40%	  lipid	  (Zucker	  and	  Zucker	  1963).	  Increased	  adipose	  
tissue	   lipoprotein	   lipase	   activity	   (Gruen,	   Hietanen	   et	   al.	   1978),	   altered	   hepatic	  
metabolism	   of	   free	   fatty	   acids	   (Fukuda,	   Azain	   et	   al.	   1982)	   and	   enhanced	   liver	  
lipogenesis	  (Turkenkopf,	  Olsen	  et	  al.	  1980),	  have	  all	  been	  postulated	  to	  contribute	  to	  
the	   dysregulation	   of	   lipid	   metabolism	   observed	   in	   the	   Zucker	   obese	   rat.	  
Pharmacological	   manipulation	   of	   appetite,	   resulting	   in	   reduced	   hyperphagia,	   and	  
also	  lifelong	  restriction	  of	  food	  intake,	  have	  resulted	  in	  a	  reduction	  in	  body	  weight	  of	  
obese	  Zucker	   rats;	   however,	   body	  percentage	   lipid	  has	   remained	  at	   approximately	  
50%,	   compared	   to	   20%	   in	   lean	   Zucker	   rats	   (Cleary,	   Vasselli	   et	   al.	   1980;	   Vasselli,	  
Haraczkiewicz	  et	  al.	  1983).	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1.8	   A	  metabonomic	  approach	  for	  studying	  the	  Zucker	  rat	  
	  
Several	   studies	   have	   used	   a	   metabonomic	   approach	   in	   analysing	   the	   urinary	   and	  
plasma	  profiles	  of	  the	  Zucker	  rat,	  using	  both	  mass	  spectrometry-­‐	  (Plumb,	  Granger	  et	  
al.	  2005;	  Williams,	  Lenz	  et	  al.	  2005;	  Major,	  Williams	  et	  al.	  2006;	  Granger,	  Williams	  et	  
al.	  2007;	  Gika,	  Theodoridis	  et	  al.	  2008;	  Thompson,	  Michopoulos	  et	  al.	  2011),	  and	  1H	  
NMR	   spectroscopy-­‐	   (Serkova,	   Jackman	   et	   al.	   2006;	   Williams,	   Lenz	   et	   al.	   2006;	  
Williams,	  Lenz	  et	  al.	  2006b;	  Salek,	  Maguire	  et	  al.	  2007;	  Waldram,	  Holmes	  et	  al.	  2009;	  
Zhao,	  Zhang	  et	  al.	  2010;	  Zhao,	  Zhang	  et	  al.	  2011)	  based	  analyses.	  
	  
A	  recent	  study	  by	  Waldram	  et	  al.	  employed	  a	  metabonomic	  approach	  to	  study	  the	  
urinary	  and	  plasma	  profiles	  of	  all	  three	  strains	  of	  Zucker	  rat,	  and	  combined	  this	  data	  
with	   a	  metagenomic	   analysis	   of	   the	   gut	  microbiomes	   of	   the	   animals.	   Urinary	   and	  
plasma	   samples	   from	  10	  week	  old	   obese	   (fa/fa),	   lean	   (+/+)	   and	   (fa/+),	   Zucker	   rats	  
were	  analysed	  using	  high-­‐resolution	   1H	  NMR	  spectroscopy,	   followed	  by	  orthogonal	  
projection	   to	   latent	   structures	   discriminant	   analysis	   (OPLS-­‐DA)	   to	   identify	  
metabolites	   which	   discriminated	   between	   the	   lean	   (+/+)	   and	   obese	   (fa/fa)	  
metabolite	   profiles.	   In	   addition,	   faecal	   samples	   were	   analysed	   via	   FISH	   and	  
denaturing	  gradient	  gel	  electrophoresis	  (DGGE)	  methods,	  and	  the	  metabonomic	  and	  
metagenomic	   data	   were	   analysed	   together	   to	   reveal	   covariation	   patterns.	   The	  
metabonomic	  data	  showed	  that	  the	  lean	  strains	  were	  easily	  distinguishable	  from	  the	  
obese	   stain,	   based	   on	   urinary	   and	   plasma	   metabolite	   profiles.	   Interestingly,	   the	  
metabolite	  profiles	  for	  the	  lean	  (+/+)	  and	  lean	  (fa/+)	  were	  found	  to	  be	  very	  similar;	  
however	   the	  microbial	   analysis	   revealed	  differences	  between	   the	   two	   lean	   strains,	  
despite	   there	   being	   no	   phenotypic	   difference	   between	   the	   strains.	   Indeed,	   the	  
analysis	  of	  the	  intestinal	  microbiome	  revealed	  that	  all	  three	  strains	  of	  Zucker	  rat	  had	  
differences	  in	  the	  relative	  abundance	  of	  the	  dominant	  members	  of	  their	  microbiota.	  
It	  was	  proposed	  that	  the	  microbiotal	  differences	  between	  the	  two	  lean	  strains	  were	  
due	   to	   host	   genotype	   influence	   on	   the	   composition	   of	   the	   faecal	   microbiota	  
(Waldram,	  Holmes	  et	  al.	  2009).	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It	  should	  also	  be	  noted	  that	  the	  animals	  in	  the	  study	  by	  Waldram	  et	  al.	  were	  housed	  
by	  strain,	  and	  thus,	  it	  is	  possible	  that	  the	  cage	  microenvironment	  had	  an	  influence	  on	  
the	  composition	  or	  activity	  of	   the	  populations	  of	   the	   intestinal	  microbiota.	   It	   is	   for	  
this	  reason	  that	  the	  animals	  within	  the	  study	  investigated	  in	  this	  thesis	  were	  housed	  
specifically,	   so	   that	   there	  was	   one	   animal	   of	   each	   strain	  within	   a	   single	   cage.	   It	   is	  
hoped	  that	  metagenomic	  analysis	  of	  the	  faecal	  microbiota	  of	  the	   lean	  animals	  that	  
inhabited	  the	  same	  cage,	  will	  reveal	  the	  relative	  influence	  of	  the	  cage	  effect	  and	  host	  
genotype	  on	  the	  gut	  microbiota	  composition.	  
	  
	  
1.9	   Thesis	  outline	  
	  
The	   structure	   of	   this	   thesis	   is	   outlined	   in	   figure	   2.	   Following	   this	   introductory	  
chapter,	   the	   methodologies	   used	   within	   this	   thesis	   are	   explained,	   including:	   a	  
summary	  of	   the	  animal	  housing	  design	  and	  sample	  collection	  and	  analysis	   strategy	  
employed	  in	  this	  thesis,	  a	  definition	  and	  background	  to	  the	  metabonomics	  approach,	  
the	  theory	  of	   1H	  NMR	  spectroscopy,	  sample	  preparation	  for	   1H	  NMR	  spectroscopy,	  
an	  explanation	  of	  the	  multivariate	  and	  univariate	  statistical	  techniques	  employed	  in	  
this	  thesis,	  a	  summary	  of	  techniques	  employed	  for	  faecal	  bacterial	  profiling,	  sample	  
preparation	   for	   bacterial	   profiling	   via	   pyrosequencing,	   and	   the	   theory	   of	   the	  
pyrosequencing	  technique.	  	  
	  
Following	  the	  materials	  and	  methods	  chapter	  are	  four	  results	  chapters	  focused	  on:	  
the	  1H	  NMR-­‐based	  metabolic	  profiling	  of	  urine	  and	  plasma	  in	  the	  Zucker	  rat,	  the	  1H	  
NMR-­‐based	  metabolic	  profiling	  of	  aqueous	  faecal	  extracts	  in	  the	  Zucker	  rat,	  profiling	  
of	   the	   faecal	   bacterial	   profile	   via	   pyrosequencing	   in	   the	   Zucker	   rat,	   and	   1H	   NMR-­‐
based	  metabolic	  profiling	  of	  liver,	  kidney	  and	  pancreas	  aqueous	  tissue	  extracts	  in	  the	  
Zucker	   rat.	   Each	   results	   chapter	   is	   structured	   to	   include	  an	   introduction,	  methods,	  
results,	  discussion	  and	   conclusion	   section.	   The	   final	   chapter	  of	   this	   thesis	   is	   a	   final	  
discussion	  and	  summary	  of	  all	  the	  results	  chapters.	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2.	   Materials	  and	  Methods	  
2.1	   Study	  design	  and	  overview	  of	  analysis	  strategy	  
2.1.1	   Animals	  and	  sample	  collection	  
	  
Three	  strains	  of	  male	  rat	  were	  used	   in	  this	  study,	  Zucker	  obese	  (fa/fa),	  Zucker	   lean	  
(+/+),	   and	   Zucker	   lean	   (fa/+)	   (n	   =	   6	   per	   strain).	   The	   animals	   were	   bred	   on	   site,	  
(Alderley-­‐Park,	   AstraZeneca)	   and	   housed	   in	   a	   conventional	   animal	   room	   in	  
Techniplast	  P2000	  cages.	  The	  pups	  were	  reared	  with	  their	  mothers	  until	  separated	  at	  
weaning;	  they	  were	  then	  housed	  as	  littermates	  in	  six	  cages,	  each	  containing	  one	  rat	  
from	  each	  strain	  (n	  =	  3	  per	  cage)	  (figure	  3).	  Food	  (SDS	  breeding	  diet	  RM-­‐3)	  and	  water	  
were	  available	  ad	  libitum	  throughout	  the	  study.	  At	  weekly	  intervals,	  from	  five	  weeks	  
of	   age,	   the	   animals	   were	   transferred	   to	   a	   procedures	   room,	  weighed,	   and	   placed	  
individually	  in	  metabolism	  cages	  for	  urine	  and	  faeces	  collection,	  at	  the	  same	  time	  of	  
day.	  The	  rats	  were	  placed	  in	  the	  metabolism	  cages	  for	  no	  more	  than	  2	  hours	  and	  had	  
access	   to	   food	  and	  water	  whilst	   in	   the	  metabolism	  cages.	  At	  14	  weeks	  of	  age,	   the	  
animals	  were	  euthanized	  following	  collection	  of	  urine	  and	  faecal	  samples.	  The	  liver,	  
kidney	   and	   pancreas	   were	   removed	   and	   snap	   frozen	   in	   liquid	   nitrogen.	   Prior	   to	  
analysis,	  urine	  was	  stored	  at	  -­‐20	  oC	  and	  tissue	  samples	  were	  stored	  at	  -­‐40	  oC.	  Blood	  
was	   collected	   into	   lithium	  heparin	   vials	   and	   centrifuged	  at	   ~2400g	   for	  10	  minutes.	  
The	  plasma	  was	  then	  removed	  and	  stored	  at	  -­‐20	  oC	  until	  analysis.	  
	  
	  
Figure	  3:	  Animal	  housing	  design.	  Three	  strains	  of	  male	  rat	  were	  used:	  Zucker	  obese	  (fa/fa),	  Zucker	  lean	  (+/+),	  and	  
Zucker	   lean	   (fa/+)	   (n	   =	   6	   per	   strain,	   18	   animals	   in	   total).	   Animals	   were	   housed	   in	   six	   cages,	   with	   each	   cage	  
containing	  one	  animal	  of	  each	  strain.	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2.1.2	   Sample	  analysis	  strategy	  
	  
Proton	  NMR	  analysis	  was	  performed	  on	  urine	   and	   faecal	   samples	   collected	  over	   a	  
ten	   week	   period,	   when	   the	   rats	   were	   five	   to	   fourteen	   weeks	   old.	   Plasma,	   liver,	  
kidney	  and	  pancreas	  samples	  were	  collected	  following	  euthanasia	  of	  the	  animals	  at	  
14	   weeks	   of	   age,	   and	   were	   also	   analysed	   using	   1H	   NMR	   spectroscopy.	   Bacterial	  
profiling,	  via	  pyrosequencing,	  was	  performed	  on	  faecal	  samples	  collected	  when	  the	  
animals	  were	  5,	  7,	  10	  and	  14	  weeks	  old.	  	  
	  
Following	  data	  acquisition,	  the	  1H	  NMR	  spectral	  datasets	  and	  the	  bacterial	  profiling	  
data	  were	  thoroughly	  interrogated	  using	  both	  multivariate	  and	  univariate	  statistical	  
techniques.	   	   A	   summary	   of	   the	   sample	   collection,	   data	   acquisition	   steps	   and	  
statistical	  analysis	  completed	  in	  this	  thesis	  is	  given	  in	  figure	  4.	  
	  
2.2	   Metabonomics	  
	  
Metabonomics	   is	   defined	   as	   “the	   quantitative	   measurement	   of	   time-­‐related	  
multiparametric	  metabolic	  responses	  of	  multicellular	  systems	  to	  pathophysiological	  
stimuli	   or	   genetic	  modification”	   (Nicholson,	   Lindon	   et	   al.	   1999).	   The	  methodology	  
encompasses	   the	   comprehensive	   quantitative	   and	   semi-­‐quantitative	  measurement	  
of	   low	   molecular	   weight	   compounds	   within	   biological	   compartments,	   in	   order	   to	  
generate	   metabolite	   profiles	   and	   understand	   and	   characterise	   an	   organism’s	  
response	   to	   pharmacological,	   toxic	   and	   nutritional	   interventions,	   as	   well	   as	   other	  
lifestyle,	   environmental	   and	   general	   alterations	   (Nicholson,	   Lindon	   et	   al.	   1999;	  
Beckonert,	   Keun	   et	   al.	   2007).	   In	   addition,	   the	   methodology	   has	   been	   applied	  
specifically	   for	   the	   prediction	   of	   the	   metabolism	   or	   toxicity	   of	   a	   drug,	   in	   an	   area	  
called	  ‘pharmacometabonomics’	  (Andrew	  Clayton,	  Lindon	  et	  al.	  2006;	  Clayton,	  Baker	  
et	   al.	   2009),	   and	   is	   increasingly	   being	   used	   in	   relation	   to	   understanding	   the	  
functional	   relationship	  between	   the	  host	  and	   intestinal	  microbiota	   (Martin,	  Dumas	  
et	  al.	  2007;	  Martin,	  Wang	  et	  al.	  2008;	  Waldram,	  Holmes	  et	  al.	  2009;	  Claus,	  Ellero	  et	  
al.	   2011;	   Li,	   Ashrafian	   et	   al.	   2011).	   The	   term	   ‘metabolomics’	  may	   also	   be	   used	   to	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describe	  this	  area	  of	  research,	  although	  there	  is	  some	  contention	  over	  whether	  the	  
terms	  are	  synonymous,	  with	  various	  specific	  definitions	  of	  each	   term	   including	   the	  
system	   (unicellular	   or	   multicellular)	   being	   studied,	   and	   the	   technologies	   being	  
applied	   (Griffin	   2004;	   Robertson	   2005).	   However,	   the	   terms	   ‘metabonomics’	   and	  
‘metabolomics’	   are	   now	   generally	   used	   interchangeably	   in	   the	   literature,	   with	  
preference	  dependent	  on	  the	  research	  group.	  
	  
The	  metabonomic	   approach	   involves:	   detection,	   identification,	   quantification,	   and	  
cataloguing	  of	  metabolites,	  with	   interpretation	  achieved	  via	   the	  aid	  of	  multivariate	  
statistical	   analysis	   and	   pattern	   recognition	   techniques,	   in	   order	   to	   interpret	   the	  
complex	  metabolic	  data	  sets	  generated	  and	   to	  enable	   sample	  characterisation	  and	  
biomarker	   discovery	   (Nicholson,	   Lindon	   et	   al.	   1999).	   In	   this	   thesis	   it	   is	   used	   in	  
conjunction	   with	   other	   technologies	   to	   provide	   a	   systems	   biology	   overview	   of	  
endogenous	   metabolism	   and	   host-­‐intestinal	   microbiota	   interactions	   in	   obese	   and	  
lean	   Zucker	   rats.	   The	   approach	   has	   previously	   been	   successfully	   applied	   to:	   time	  
related	  data	  (Waters,	  Holmes	  et	  al.	  2001;	  Wang,	  Lawler	  et	  al.	  2007);	  metabolite	  data	  
from	  various	  biological	  compartments	  (Claus,	  Tsang	  et	  al.	  2008;	  Martin,	  Wang	  et	  al.	  
2008;	  Martin,	   Sprenger	   et	   al.	   2009);	   data	   from	  different	   ‘omics’	   techniques	   (Craig,	  
Sidaway	  et	  al.	  2006);	  and	  in	  combination	  with	  data	  matrices	  relating	  to	  the	  intestinal	  
microbiota	  (Waldram,	  Holmes	  et	  al.	  2009;	  Li,	  Ashrafian	  et	  al.	  2011).	  
	  
Abnormal	   cellular	   processes	   in	   tissues,	   as	   a	   result	   of	   xenobiotic	   perturbation	   or	  
disease	  state,	  will	  be	  reflected	  in	  altered	  biofluid	  compositions.	  These	  compositional	  
changes	   may	   be	   subtle	   and	   involve	   large	   numbers	   of	   metabolites;	   as	   such,	   an	  
appropriate	   analytical	   technique	   is	   required	   for	   detection	   of	   these	   changes	   in	   the	  
biomatrix	   of	   choice	   (e.g.	   urine,	   blood,	   or	   organ	   samples).	   High-­‐resolution	   1H	  NMR	  
spectroscopy	   provides	   a	   high-­‐throughput,	   rapid,	   semi-­‐quantitative	   method	   for	  
detecting	   a	   wide	   range	   of	   metabolites	   simultaneously,	   with	   minimal	   sample	  
preparation,	  and	  no	  loss	  of	  sample	  following	  analysis.	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Figure	  4:	  Summary	  of	  sample	  collection	  and	  analysis	  strategy.	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Mass	   spectrometry	   (MS),	   coupled	   with	   a	   chromatographic	   separation	   step,	   is	  
another	  key	  analytical	   technique	  applied	   in	  the	  field	  of	  metabonomics.	  MS	   is	  often	  
significantly	  more	  sensitive	  than	  NMR	  and,	  as	  a	  result,	  generally	  requires	  less	  sample	  
for	  analysis.	  The	  small	   sample	   requirement	   is	   important	  however,	  as	   the	  sample	   is	  
lost	   following	   injection.	   In	  addition,	  and	  unlike	  1H	  NMR	  spectroscopy,	  the	  response	  
of	   the	  mass	   spectrometer	   is	   compound	  dependent.	   This	   is	   a	   result	   of	   the	  need	   to	  
ionize	  compounds	  in	  order	  to	  detect	  them	  and,	  as	  different	  metabolites	  will	  ionise	  to	  
greater	  or	  lesser	  degrees,	  no	  assumptions	  can	  be	  made	  as	  to	  the	  amount	  (relative	  or	  
absolute)	   of	   a	   compound(s)	   detected	   by	   MS	   in	   a	   sample	   in	   the	   absence	   of	   an	  
authentic	   standard	   against	   which	   to	   compare	   it.	   The	   two	   techniques	   of	   1H	   NMR	  
spectroscopy	   and	   mass	   spectrometry	   can	   be	   seen	   as	   complementary,	   with	   each	  
technique	  offering	  differing	   insights	   in	   to	  metabolic	   alterations.	   This	   thesis	   focuses	  
on	  metabonomic	  analysis	  utilising	  1H	  NMR	  spectroscopy,	  but	  an	  MS	  approach	  will	  be	  
completed	  at	  a	  later	  date.	  
	  
2.3	   NMR	  spectroscopy	  
	  
2.3.1	   Quantum	  theory	  
	  
Nuclear	   magnetic	   resonance	   (NMR)	   spectroscopy	   exploits	   two	   characteristics	   of	   a	  
nucleus:	   the	   magnetic	   moment,	   and	   the	   angular	   momentum	   (the	   ‘spin’).	   Certain	  
nuclei	  which	   contain	   an	  odd	  number	  of	   protons	  or	   neutrons	   (and	   thus	   a	   non-­‐zero	  
spin)	  have	  an	   intrinsic	  magnetic	  moment	  which	  allows	   them	  to	   interact	  with	  other	  
magnetic	  fields.	  As	  with	  a	  bar	  magnet,	  the	  magnetic	  moment	  of	  a	  nucleus	  will	  align	  
with	   an	  applied	  outer	  magnetic	   field.	   The	  magnitude	  of	   the	  angular	  momentum	   is	  
related	   to	   the	   isotope	   number.	   For	   biological	   applications,	   the	   most	   commonly	  
studied	   nuclei	   are	   1H	   (proton	   NMR)	   and	   13C	   due	   to	   their	   ubiquity	   in	   biological	  
molecules,	  although	  several	  other	  nuclei	  are	  studied	  also	  (e.g.	  19F,	  23Na,	  15N,	  31P).	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The	   magnetic	   moment	   and	   angular	   momentum	   of	   a	   nucleus	   are	   proportionally	  
related	  to	  each	  other,	  via	  the	  gyromagnetic	  ratio	  (γ):	  
	  
Magnetic	  moment	  =	  γ 	  x	  angular	  momentum	  (spin)	  
	  
In	   the	   presence	  of	   a	  magnetic	   field,	   nuclei	  will	   ‘rotate’	   on	   an	   axis,	   a	   phenomenon	  
called	   precession.	   This	   is	   a	   result	   of	   the	   combination	   of	   the	   persistence	   of	   the	  
angular	   momentum	   of	   the	   nucleus	   and	   the	   force	   of	   the	   magnetic	   field.	   The	  
precession	  frequency	  is	  called	  the	  Larmor	  frequency:	  
	  
ω0	  =	  -­‐γ 	  B0	  
	  
Where	  ω0	   is	   the	   angular	   frequency	   and	   B0	   is	   the	   applied	   magnetic	   field.	   As	   the	  
magnetic	  moment	  and	  angular	  momentum	  are	  proportional	   for	   a	   specific	  nucleus,	  
the	  Larmor	  frequency	  is	  proportional	  to	  the	  applied	  magnetic	  field,	  B0.	  	  
A	   nucleus,	   such	   as	   1H	   (a	   proton)	   has	   spin	   ½,	   and	   only	   has	   two	   states	   in	  which	   to	  
precess,	  one	  parallel	  and	  one	  anti-­‐parallel	  to	  the	  applied	  magnetic	  field.	  These	  two	  
different	   states	   correspond	   to	   two	   different	   energy	   levels,	   and	   the	   difference	  
between	  the	  two	  energy	  levels	  will	  increase	  with	  the	  applied	  magnetic	  field	  strength.	  
When	  a	  nucleus	  ‘jumps’	  from	  one	  energy	  level	  to	  another	  it	  will	  absorb	  or	  emit	  the	  
energy	   difference	   in	   the	   form	   of	   radiowaves.	   The	   frequency	   of	   the	   emitted	   or	  
absorbed	  radiowaves	  is	  equal	  to	  the	  Larmor	  frequency	  of	  the	  nucleus.	  	  
	  
Using	   the	   vector	  model	   to	  describe	  how	  an	  NMR	  experiment	  works,	   the	  magnetic	  
moment	   of	   a	   nucleus	   can	   be	   considered	   as	   a	   vector,	   and	   the	   summation	   of	   all	  
nuclear	   vectors	   results	   in	   a	   macroscopic	   magnetization	   vector.	   If	   the	   nuclei	   are	  
precessing	  with	   the	   same	   frequency,	   but	   random	   orientation	   (i.e.	  with	   a	   different	  
phase),	  the	  resultant	  magnetization	  vector	  is	  aligned	  along	  the	  static	  magnetic	  field	  
B0	   (shown	   as	   the	   z-­‐axis	   in	   figure	   5).	   The	   precession	   of	   the	  magnetization	   vector	   is	  
what	  is	  detected	  in	  an	  NMR	  experiment.	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Figure	  5:	  	  A:	  Net	  magnetization	  along	  the	  z-­‐axis,	  represented	  by	  a	  net	  magnetization	  factor.	  B:	  Precession	  in	  the	  
direction	  of	  a	  nucleus	  with	  a	  positive	  gyromagnetic	  ration	  (such	  as	  a	  proton),	  giving	  a	  negative	  Larmor	  frequency.	  
Taken	  from	  “Understanding	  NMR	  spectroscopy”,	  James	  Keeler	  (2010).	  
	  
Electromagnetic	  radiation	  of	   the	  same	  frequency	  as	  the	  Larmor	  frequency	  must	  be	  
applied	  along	   the	  x	  axis,	   in	  order	   to	   rotate	   the	  net	  magnetization	  away	   from	  the	  z	  
axis.	   This	   causes	   the	   net	  magnetization	   vector	   to	   change	   so	   that	   it	   is	   aligned	   to	   a	  
perpendicular	   plane,	   the	   xy-­‐plane,	   via	   a	   radiofrequency	   ‘90o’	   pulse	   (at	   the	   same	  
frequency	  as	  the	  Larmor	  frequency).	  The	  coil	  measures	  the	  transversal	  component	  of	  
the	  magnetization.	   The	   90o	   pulse	   results	   in	   an	   energetically	   unstable	   situation,	   as	  
there	   are	   too	   many	   spins	   in	   the	   higher	   energy	   level	   state,	   this	   causes	   the	   net	  
magnetization	  vector	  to	  begin	  to	  return	  to	  the	  original	  plane	  of	  magnetization	  when	  
the	  radiofrequency	  pulse	  is	  stopped,	  and	  the	  nuclei	  return	  to	  equilibrium.	  During	  this	  
‘relaxation’	   back	   to	   equilibrium,	   the	  magnetization	   continues	   to	   induce	   a	   signal	   in	  
the	  coil	  surrounding	  the	  sample,	  and	  this	  signal	  is	  the	  ‘free	  induction	  decay’	  (FID).	  
	  
Fourier	   transformation	   converts	   the	   FID	   (in	   the	   time	   domain),	   to	   a	   spectrum	   of	  
measured	  frequencies	   (in	  the	  frequency	  domain).	  The	  relaxation	  time	  of	   the	  nuclei	  
affects	   the	   FID;	   there	   are	   two	   forms	   of	   relaxation	   to	   consider:	   T1	   (spin-­‐lattice)	  
relaxation,	  which	  describes	  the	  recovery	  of	  the	  magnetization	  back	  to	  an	  alignment	  
parallel	   to	   the	  z-­‐plane;	   and	  T2	   (spin-­‐spin)	   relaxation,	  which	  describes	   the	   ‘decay	  of	  
the	   signal’	   in	   the	   xy-­‐plane,	  which	   is	   caused	  by	   spins	   becoming	   ‘out	   of	   phase’	  with	  
each	  other,	  and	  thus	  results	  in	  a	  weaker	  net	  magnetization	  in	  the	  xy-­‐plane.	  When	  a	  
nucleus	   experiences	   variation	   in	   the	   local	  magnetic	   field,	   the	   resonance	   frequency	  
changes	  as	  a	  result;	  as,	  according	  to	  the	  Larmor	  frequency,	  the	  precession	  frequency	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is	   directly	   related	   to	   the	  magnetic	   field.	   Thus,	   exposure	   of	   a	   nucleus	   to	   a	   slightly	  
weaker	   or	   stronger	   magnetic	   field	   results	   in	   acceleration	   or	   deceleration	   of	   the	  
precession	  of	   the	  nucleus,	   causing	   the	   spins	  of	   the	  nuclei	   to	  become	  out	  of	  phase	  
with	  each	  other	  (Boesch	  1999).	  	  
	  
In	   addition	   to	   the	   de-­‐phasing	   process,	   which	   occurs	   due	   to	   inhomogeneity	   in	   the	  
magnetic	   field,	   there	   is	   an	   additional	   de-­‐phasing	  process	   due	   to	   the	   interaction	  of	  
spins	  with	  one	  another.	  Rotational	  diffusion,	  or	  ‘tumbling’,	  is	  important	  for	  spin-­‐spin	  
relaxation	   in	   NMR	   spectroscopic	   analysis	   of	   liquids.	   In	   liquids,	   collisions	   between	  
molecules	  occur	   frequently,	   altering	   the	   speed	  of	   rotational	  motion	  and	  deflecting	  
the	  axis	  of	  rotation	  of	  the	  molecule,	  in	  a	  random	  pattern	  known	  as	  Brownian	  motion.	  
Thus	  rotational	  diffusion	  alters	  the	  magnetic	  field	  experienced	  by	  an	  individual	  spin	  
due	  to	  the	  other	  nuclei	  in	  the	  local	  environment	  (Case	  2001).	  T2	  relaxation	  results	  in	  
a	  shorter	  FID,	  which	  results	  in	  broader	  line	  widths	  in	  the	  spectrum,	  following	  Fourier	  
transformation	   (see	   figure	   6).	   T2	   relaxation	   is	   affected	   by	   various	   factors;	   the	  
simultaneous	   precession	   of	   all	   spins	   cannot	   continue	   forever,	   and	   factors	   such	   as	  
changes	   in	   the	  magnetic	   field	  will	   result	   in	  changes	   in	   resonance	   frequency.	  This	   is	  
why	   a	   homogenous	   magnetic	   field	   surrounding	   the	   sample	   results	   in	   sharper	  
linewidths	  (Boesch	  1999).	  	  
	  
Figure	   6:	   Demonstration	   of	   the	   effect	   of	   T2	   relaxation	   on	   peak	  width	   in	   the	   spectrum.	   A	   short	   free	   induction	  
decay	   (FID)	   (left)	   results	   in	  a	  broader	   line	  width	   following	  Fourier	   transformation,	  whereas	  a	   longer	  FID	   (right)	  
results	  in	  a	  sharper	  peak	  in	  the	  spectrum.	  Adapted	  from	  “Molecular	  aspects	  of	  magnetic	  resonance	  imaging	  and	  
spectroscopy”	  (Boesch	  1999).	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2.3.2	   Chemical	  shifts	  and	  spin-­‐spin	  coupling	  
	  
The	  magnetic	   field	   experienced	  by	   the	  nuclei	   is	   affected	  by	  how	   ‘shielded’	   it	   is	   by	  
surrounding	  electrons;	  nuclei	  with	  a	  stronger	  electron	  cloud,	  in	  an	  apolar	  molecule,	  
experience	   a	   weaker	   magnetic	   field	   and	   will	   appear	   ‘upfield’	   in	   the	   spectrum,	  
whereas	   the	   nuclei	   which	   are	   less	   shielded	   by	   electrons,	   in	   a	   polar	  molecule,	   will	  
experience	  a	  stronger	  magnetic	  field	  in	  comparison	  and	  will	  appear	  ‘downfield’.	  This	  
phenomenon	   results	   in	   the	   ‘chemical	   shift’	   and	   is	   expressed	   in	   ppm	   (parts	   per	  
million).	  
	  
Resonance	   lines,	   or	   ‘peaks’,	   are	   representative	   of	   different	   chemical	   groups	   in	   the	  
sample;	   the	   area	   under	   the	   peak	   is	   proportional	   to	   the	   number	   of	   protons	   (in	   1H	  
NMR),	   i.e.	  the	  concentration	  of	  substances.	  It	   is	   in	  this	  way	  that	  NMR	  spectroscopy	  
can	  be	  used	  as	  a	  quantitative	  technique.	  The	  structure	  of	  the	  peaks	   is	  due	  to	  spin-­‐
spin	  coupling	  (also	  called	  J-­‐coupling),	  and	  is	  a	  consequence	  of	  the	  magnetic	  fields	  of	  
adjacent	  spins	  within	  the	  molecule.	  The	  pattern	  of	  peaks	  generated	  by	  the	  spin-­‐spin	  
coupling	   can	   be	   used	   for	   identification	   of	   metabolites	   within	   a	   complex	   mixture	  
(Boesch	  1999).	  
	  
Identification	   of	  metabolites	   in	   biological	  matrices	   based	   on	   peak	   patterns	   can	   be	  
made	  problematic	  by	  overlapping	  peaks;	  this	  can	  occur	  when	  resonances	  appear	  at	  
the	  same	  chemical	  shift,	   for	  example	  the	  singlet	  resonances	  for	  betaine	  and	  TMAO	  
which	  occur	   at	   approximately	  δ3.27.	  Additionally,	   the	  broad	   line	  widths	   caused	  by	  
the	  presence	  of	  relatively	  large	  molecules	  in	  the	  sample	  may	  obscure	  the	  resonances	  
of	  other	  molecules.	   In	  scenarios	  such	  as	  these,	  the	  additional	   information	  provided	  
by	  two-­‐dimensional	  NMR	  spectroscopy	  and	  statistical	   techniques	  such	  as	  statistical	  
total	   correlation	   spectroscopy	   (STOCSY)	   can	   prove	   very	   useful	   in	   increasing	  
confidence	  in	  assignment	  of	  metabolites.	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2.3.3	   One-­‐dimensional	  NMR	  pulse	  sequences	  
	  
A	   standard	   one	   -­‐dimensional	   experiment,	   which	   employs	   the	   first	   increment	   of	   a	  
nuclear	  Overhauser	  enhancement	  spectroscopy	  (NOESY)	  pulse	  sequence	  to	  achieve	  
water	  suppression,	  is	  generally	  appropriate	  for	  all	  biofluids	  analysed	  (urine,	  plasma,	  
tissue	  and	  faecal	  extracts),	  as	  it	  gives	  the	  best	  overview	  of	  all	  types	  of	  molecules	  in	  
complex	  biological	  matrices	  (Beckonert,	  Keun	  et	  al.	  2007).	  The	  sequence	  comprises:	  
RD-­‐90o-­‐t-­‐90o-­‐tm-­‐90o-­‐acquire	   free	   induction	  decay	  (FID)	   [t	  =	  3	  μs];	  where	  t	   is	  a	  short	  
delay	  of	  approximately	  3	  µs,	  -­‐90o	  represents	  a	  -­‐90o	  radio	  frequency	  pulse,	  with	  water	  
irradiation	   during	   the	   relaxation	   delay	   (RD)	   and	   the	   mixing	   time	   (tm).	   The	  
amplification	   of	   the	   signal	   is	   characterised	   by	   the	   receiver	   gain.	   It	   can	   be	   set	   to	   a	  
specific	  value	  for	  all	  experiments,	  or	  to	  be	  automatically	  calculated	  on	  a	  per-­‐sample	  
basis	   to	   account	   for	   sample	   concentration	   variation.	   Automatic	   receiver	   gain	  
calculation	   also	   gives	   a	   good	   indication	   of	   the	   effectiveness	   of	   water	   suppression	  
achieved,	  as	  a	   lower	  receiver	  gain	  will	  often	  indicate	  a	  more	  dominant	  water	  peak,	  
and	   thus	   lower	   sensitivity	   of	   detection	   of	   low-­‐concentration	   metabolites	   (Mo,	  
Harwood	  et	  al.	  2010).	  In	  addition	  to	  the	  other	  parameters	  mentioned,	  the	  number	  of	  
scans	   per	   experiment	   can	   be	   adjusted;	   increasing	   the	   number	   will	   increase	   the	  
signal-­‐to-­‐noise	  ratio,	  however,	  this	  will	  also	  result	  in	  longer	  experiment	  duration	  per	  
sample.	  
	  
For	  urine	  samples,	  the	  standard	  one-­‐dimensional	  pulse	  sequence	  is	  usually	  sufficient	  
for	   characterisation	   of	   the	   range	   of	   metabolites	   present	   in	   the	   matrix;	   however,	  
other	   biological	  matrices	   such	   as	   plasma	   and	   organic	   tissue	   extracts	   contain	   both	  
high	  and	  low	  molecular	  weight	  components,	  which	  results	  in	  a	  large	  range	  of	  signal	  
line	  widths.	   A	   variety	   of	   one-­‐dimensional	   pulse	   sequences	   can	   be	   applied	   to	   such	  
matrices	  in	  order	  to	  supress	  or	  enhance	  the	  resonances	  of	  macromolecules,	  in	  order	  
to	  generate	  a	  fully	  comprehensive	  metabolite	  profile.	  For	  example,	  the	  Carr-­‐Purcell-­‐
Meiboom-­‐Gill	  (CPMG)	  spin-­‐echo	  sequence	  includes	  a	  series	  of	  180o	  pulses	  (following	  
the	   initial	  90o	  pulse).	  This	   ‘refocuses’	  the	  nuclei	  so	  that	  reversible	  dephasing	  of	  the	  
spins	   (due	  to	   inhomogeneity	   in	  the	  magnetic	   field,	   for	  example),	  which	  contributes	  
to	   T2*	   decay,	   is	   prevented.	   Spin-­‐echo	   sequences	   cannot	   prevent	   irreversible	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dephasing	  such	  as	  spin-­‐spin	  interactions	  (T2	  decay).	  This	  pulse	  sequence	  can	  be	  used	  
to	   attenuate	   the	   broad	   signals	   from	   proteins	   and	   other	   high	   molecular	   weight	  
compounds	   (Carr	   and	   Purcell	   1954;	   Meiboom	   and	   Gill	   1958).	   Conversely,	   the	  
diffusion-­‐edited	   pulse	   sequence	   can	   be	   used	   to	   lessen	   the	   signals	   from	   small	  
molecules	  (Wu,	  Chen	  et	  al.	  1995;	  Liu,	  Nicholson	  et	  al.	  1996).	  
	  
2.3.4	   Two-­‐Dimensional	  1H-­‐1H	  NMR	  
	  
Two-­‐dimensional	  NMR	  spectroscopy	  can	  be	  used	  to	  help	  identify	  metabolites	  within	  
complex	   biological	   samples	   as	   it	   provides	   further	   information	   regarding	   chemical	  
structure	   through	   revealing	   the	   J-­‐coupling	   patterns	   present	   or	   by	   mapping	   the	  
correlations	  between	  neighbouring	  homo-­‐	  or	  heteronuclei.	  This	  can	  be	  of	  particular	  
use	  when	  the	  peaks	  from	  various	  molecules	  are	  overlapping,	  resulting	   in	  confusion	  
regarding	   the	   multiplicity	   of	   the	   peaks.	   J-­‐Resolved	   (JRES)	   spectroscopy	   provides	  
information	  regarding	  the	  splitting	  of	  NMR	  peaks,	  so	  that	  the	  multiplicity	  patterns	  of	  
the	   peaks	   can	   be	   clearly	   identified	   (Aue,	   Bartholdi	   et	   al.	   1976).	   Additionally,	  
correlation	   spectroscopy	   (COSY)	   gives	   information	   regarding	   the	   coupling	   between	  
pairs	   of	   nuclei,	   and	   total	   correlation	   spectroscopy	   (TOCSY)	   provides	   information	  
regarding	   coupling	   between	   more	   distant	   nuclei	   within	   the	   same	   molecule	   (Hurd	  
1990).	  
	  
Heteronuclear	   single-­‐quantum	  correlation	   spectroscopy	   (HSQC)	  allows	  visualisation	  
of	   correlations	   between	   two	   different	   types	   of	   nuclei,	   often	   protons	   and	   another	  
nucleus	  (e.g.	  13C	  or	  15N),	  which	  are	  separated	  by	  one	  bond	  (Kay,	  Keifer	  et	  al.	  1992).	  
Further	   to	   this,	   heteronuclear	  multiple-­‐bond	   correlation	   spectroscopy	   (HMBC)	   can	  
be	  utilised	  to	  detect	  heteronuclear	  correlations	  over	  longer	  ranges	  of	  approximately	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2.4	   Preparation	  of	  samples	  for	  1H	  NMR	  analysis	  
	  
During	   sample	   preparation	   and	   spectral	   acquisition,	   samples	   were	   randomised	   in	  
order	   to	   reduce	   the	   confounding	   effect	   of	   any	   potential	   systematic	   time-­‐related	  
variation	  in	  experimental	  factors	  such	  as	  variation	  in	  room	  temperature.	  The	  sample	  
preparation	  steps	  used	  are	  all	  validated	  ‘in	  house’	  protocols	  (Beckonert,	  Keun	  et	  al.	  
2007).	  
	  
2.4.1	   Urine	  
	  
Urine	   samples	   were	   prepared	   by	   combining	   400	   μL	   of	   urine	   with	   200	   μL	   of	  
phosphate	   buffer	   (pH	   7.4),	   prepared	   in	   8:2	   H2O:D2O,	   containing	   1mM	   3-­‐
trimethylsilyl-­‐1-­‐[2,2,3,3,-­‐2H4]	   proprionate	   (TSP)	   as	   a	   chemical	   shift	   reference	   and	  
3mM	   of	   sodium	   azide	   as	   a	   bacteriostatic	   agent.	   The	   mixture	   was	   vortexed	   and	  
centrifuged	   at	   16000	   g	   for	   10	   minutes	   before	   550μL	   of	   the	   supernatant	   was	  
transferred	  to	  a	  5mm	  outer	  diameter	  NMR	  tube.	  
	  
2.4.2	   Plasma	  
	  
Plasma	   samples	  were	   first	   vortexed,	   before	   100	   μL	  was	   combined	  with	   450	   μL	   of	  
saline	   solution	   (0.9%	   NaCl	   w/v,	   in	   H2O:D2O	   8:2).	   The	   mixture	   was	   vortexed	   and	  
centrifuged	   at	   16000	   g	   for	   10	   minutes,	   before	   500μL	   of	   the	   supernatant	   was	  
transferred	  to	  a	  5mm	  outer	  diameter	  NMR	  tube.	  
	  
2.4.3	   Faecal	  water	  extracts	  
	  
Faecal	  water	   extracts	  were	   prepared	   by	   combining	   approximately	   30	  mg	   of	   faecal	  
sample	  (taken	  from	  two	  different	  pellets)	  with	  700	  μL	  of	   ice-­‐cold	  phosphate	  buffer	  
(pH	  7.4),	  prepared	  in	  8:2	  H2O:D2O,	  containing	  1	  mM	  3-­‐trimethylsilyl-­‐1-­‐[2,2,3,3,-­‐2H4]	  
proprionate	   (TSP)	   as	   a	   chemical	   shift	   reference	   and	   3mM	   of	   sodium	   azide	   as	   a	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bacteriostatic	   agent.	   Samples	   were	   immediately	   homogenised	   using	   a	   TissueLyser	  
from	  Qiagen	  (West	  Sussex,	  UK),	  with	  two	  5	  mm	  stainless	  steel	  beads	  per	  sample,	  for	  
6.5	  minutes	  at	  25	  Hz.	  Samples	  were	  centrifuged	  at	  16000	  g	  for	  20	  minutes.	  A	  600	  μL	  
volume	  of	  supernatant	  was	  transferred	  to	  a	  1.5	  ml	  Eppendorf	  tube	  and	  centrifuged	  
again	  under	  the	  same	  conditions,	  before	  550	  μL	  of	  the	  supernatant	  was	  transferred	  
to	  a	  5mm	  outer	  diameter	  NMR	  tube.	  
	  
2.4.4	   Tissue	  extracts	  
	  
Liver,	   kidney	   and	   pancreas	   aqueous	   tissue	   extracts	   were	   prepared	   by	   combining	  
approximately	  60	  mg	  of	  tissue	  sample	  with	  600	  μL	  ice-­‐cold	  CHCl3:MeOH	  (2:1)	  in	  a	  2.0	  
ml	   Eppendorf	   tube.	   In	   the	   case	   of	   all	   three	   tissues,	   a	   sample	   was	   removed	   from	  
approximately	   the	   same	   anatomical	   location	   for	   each	   animal;	   for	   the	   kidney	   this	  
incorporated	  both	  the	  medulla	  and	  cortex.	  Samples	  were	  immediately	  homogenised	  
using	   a	   TissueLyser	   from	  Qiagen	   (West	   Sussex,	  UK),	  with	  one	  5	  mm	  stainless	   steel	  
bead	  per	  sample,	  for	  8	  minutes	  at	  25	  Hz.	  The	  homogenate	  was	  combined	  with	  600	  
μL	   H2O,	   vortexed	   to	   mix,	   and	   left	   on	   ice	   for	   10	   minutes.	   Samples	   were	   then	  
centrifuged	  at	  16000	  g	  for	  10	  minutes.	  The	  upper	  aqueous	  layer	  of	  supernatant	  was	  
transferred	  to	  a	  new	  1.5	  ml	  Eppendorf	  tube	  (first	  extraction).	  To	  increase	  metabolite	  
recovery,	  a	  second	  extraction	  was	  performed	  on	  the	  sample;	  the	  sample	  pellet	  was	  
resuspended	   in	  600	  μL	   ice-­‐cold	  CHCl3:MeOH	   (2:1),	   vortexed,	   and	   left	  on	   ice	   for	  10	  
minutes,	   before	   centrifugation	   at	   16000	   g	   for	   10	   minutes.	   The	   aqueous	   layer	   of	  
supernatant	   from	  the	  second	  extraction	  was	   removed	  and	  combined	  with	   the	   first	  
aqueous	  extraction	  (Beckonert,	  Keun	  et	  al.	  2007).	  Solvents	  were	  removed	  from	  the	  
aqueous	  extract	  by	   speed	   vacuum	  concentration	  using	   an	  Eppendorf	  Concentrator	  
plus.	  Samples	  were	  stored	  at	  -­‐40	  oC	  until	  the	  day	  of	  1H	  NMR	  analysis.	  	  
	  
On	  the	  day	  of	  analysis,	  700	  μL	  of	  D2O:H2O	  (9:1),	  containing	  1	  mM	  3-­‐trimethylsilyl-­‐1-­‐
[2,2,3,3,-­‐2H4]	   proprionate	   (TSP)	   as	   a	   chemical	   shift	   reference,	   was	   added	   to	   each	  
sample,	  and	  vortexed	  to	  ensure	  reconstitution.	  Samples	  were	  centrifuged	  at	  16000	  g	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for	  10	  minutes,	  before	  550	  μL	  of	   the	  supernatant	  was	   transferred	   to	  a	  5mm	  outer	  
diameter	  NMR	  tube.	  
	  
2.4.5	   Pre-­‐processing	  of	  1H	  NMR	  spectra	  
	  
Following	  acquisition	  of	  1H	  NMR	  spectra,	  the	  spectra	  were	  either	  manually	  calibrated	  
and	   corrected	   for	   phase	   and	   baseline	   distortions,	   or	   auto-­‐corrected	   using	   an	   in-­‐
house	   program,	   ‘NMRproc’,	   developed	   by	   Dr	   T	   Ebbels	   and	   Dr	   H	   Keun,	   Imperial	  
College.	  The	  spectra	  were	  referenced	  to	  the	  internal	  standard,	  TSP,	  at	  δ0.0,	  for	  urine,	  
tissue	   and	   faecal	   extracts,	   or	   the	   α-­‐glucose	   doublet	   at	   δ5.223,	   for	   plasma.	   	   The	  
software	   programs	   XWINNMR	   (version	   3.1,	   Bruker)	   and	   Topspin	   (2.0a,	   Bruker	  
BioSpin	  2006)	  were	  used	  to	  visualise	  the	  spectra	  for	  these	  corrections.	  
	  
The	   high	   resolution	   integration	   of	   the	   peaks	   in	   the	   spectra	   creates	   huge	   data	  
matrices	   which	   require	   powerful	   software	   for	   analysis;	  MATLAB	   (MathWorks)	   has	  
been	  employed	  in	  this	  study.	  Spectra	  were	  exported	  into	  MATLAB	  and	  digitised	  via	  
integration	   of	   peaks	   using	   a	   script	   developed	   in-­‐house.	   The	   spectral	   regions	  
containing	  3-­‐trimethylsilyl-­‐1-­‐[2,2,3,3,-­‐2H4]	  proprionate	   (TSP),	   urea	   [δ4.6-­‐5.9]	   (urine	  
spectra	   only)	   and	   water	   [δ4.6-­‐5.2]	   resonances	   are	   excised	   to	   avoid	   the	   effects	   of	  
variation	   in	   imperfect	  water	   suppression.	   If	   these	   regions	   of	   the	   spectra	  were	   not	  
removed	  it	  would	  confound	  the	  multivariate	  statistical	  analysis.	  
	  
Following	  the	  import	  of	  acquired	  and	  pre-­‐processed	  spectra	  in	  to	  MATLAB,	  and	  the	  
removal	  of	   TSP	  and	  water	   resonances,	   the	   spectral	  peaks	  are	  aligned	   to	  adjust	   for	  
shifts	  in	  peak	  position	  due	  to	  small	  pH	  differences	  between	  samples.	  In	  this	  study	  the	  
in-­‐house	   algorithm	   “recursive	   segment-­‐wise	   peak	   alignment”	   (RSPA)	   was	   used	  
(Veselkov,	  Lindon	  et	  al.	  2008).	  This	  allows	  for	  a	  more	  robust	  comparison	  of	  spectra	  
using	   multivariate	   statistical	   analysis,	   as	   poorly	   aligned	   peaks	   will	   confound	   the	  
analysis	  by	  making	  it	  appear	  as	  though	  there	  are	  differences	  in	  the	  concentration	  of	  
differing	  metabolites,	  when	   they	   are	   in	   fact	   the	   same	   resonance,	   just	   occurring	   at	  
slightly	  different	  chemical	  shifts.	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With	  spectral	  data	  collected	  from	  urine	  samples,	  the	  data	  need	  to	  be	  normalised	  to	  
partially	   compensate	   for	   differences	   in	   urinary	   dilution;	   with	   tissue	   and	   faecal	  
extracts,	  normalisation	  partially	  compensates	  for	  differences	  in	  total	  sample	  volumes	  
of	   tissue	   or	   faecal	   extracts.	   In	   this	   study,	   the	   data	   were	   normalised	   to	   the	  
probabilistic	  quotient.	  Probabilistic	  quotient	  normalisation	  was	  used	  as	  opposed	  to	  
integral	   normalisation	   as	   it	   has	   been	   found	   that	   large	   differences	   in	   single	  
metabolites	   between	   the	   samples	   results	   in	   a	   distortion	   of	   the	   integral	  
normalisation,	   and	   thus	   inaccurately	   scaled	   spectra.	   The	   probabilistic	   quotient	  
normalisation	  method	  analyses	  the	  distribution	  of	  the	  quotients	  of	  the	  amplitudes	  of	  
a	  test	  spectrum	  by	  those	  of	  a	  reference	  spectrum,	  and	  uses	  this	  to	  calculate	  the	  most	  
probable	  dilution	  factor.	  It	  has	  been	  demonstrated	  to	  be	  a	  more	  robust	  and	  accurate	  
method	  of	  normalisation	  (Dieterle,	  Ross	  et	  al.	  2006).	  	  
	  
2.5	   Multivariate	  statistical	  analysis	  
	  
Multivariate	   statistical	   analysis	   is	   an	   important	   tool	   in	   gaining	   meaningful	  
information	   from	   the	   vast	   amounts	   of	   data	   that	   metabonomic	   and	   metagenomic	  
analytical	   techniques	   generate.	   The	   aim	   of	   multivariate	   statistical	   analysis	   is	   to	  
reduce	   the	   dimensionality	   of	   the	   data	   and	   extract	   latent	   variables	   from	   the	   data	  
matrices,	  in	  order	  to	  gain	  an	  overview	  of	  the	  key	  sources	  of	  variation	  in	  the	  data	  and	  
understand	   which	   metabolites,	   or	   bacterial	   groups,	   are	   correlated	   with	   certain	  
interventions,	   or	   to	   discriminate	   between	   classes	   (disease	   and	   control	   groups	   for	  
example).	  Unsupervised	  and	   supervised	  methods	  of	  multivariate	   statistical	   analysis	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2.5.1	   Scaling	  of	  data	  for	  projection-­‐based	  methods	  
	  
After	  the	  data	  have	  been	  mean-­‐centred,	  a	  variety	  of	  scaling	  methods	  can	  be	  used	  to	  
transform	  the	  data	  into	  a	  manner	  suitable	  for	  analysis.	  The	  scaling	  method	  can	  highly	  
influence	   both	   the	   variation	   characterised	   by	   multivariate	   analysis,	   and	   the	  
metabolites	   or	   bacterial	   groups	   highlighted	   as	   discriminatory	   (van	   den	   Berg,	  
Hoefsloot	  et	  al.	  2006).	  	  
	  
2.5.1.1	   Mean	  centring	  	  
	  
When	  the	  data	  are	  mean	  centred,	  the	  mean	  for	  each	  variable	  is	  subtracted	  from	  the	  
data,	  so	  that	  the	  mean	  is	  set	  to	  0	  for	  each	  variable.	  In	  principal	  component	  analysis	  
(PCA),	   this	   pre-­‐processing	   step	   is	   necessary	   to	   ensure	   that	   the	   first	   principal	  
component	  describes	   the	  direction	  of	  maximum	  variance,	   rather	   than	  the	  mean	  of	  
the	  data.	  After	  the	  data	  have	  been	  mean-­‐centred,	  the	  dataset	  can	  be	  processed	  with	  
no	  scaling,	  or	  a	  scaling	  method	  can	  be	  applied	  to	  enhance	  or	  diminish	  certain	  aspects	  
of	  the	  data,	  to	  improve	  interpretability.	  
	  
2.5.1.2	   Unit-­‐variance	  scaling	  	  
	  
As	  PCA	  and	  the	  partial	  least	  squares	  method	  by	  projections	  to	  latent	  structures	  (PLS)	  
are	  maximum	  variance	  projection	  methods,	  variables	  with	  a	  large	  variance	  are	  more	  
likely	  to	  be	  expressed	  in	  the	  model,	  than	  low-­‐variance	  variables.	  When	  the	  variables	  
are	   scaled	   by	   unit-­‐variance,	   each	   variable	   is	   divided	   by	   its	   standard	   deviation,	  
resulting	  in	  the	  variables	  having	  equal	  variance.	  With	  equal	  variance,	  all	  the	  variables	  
make	   the	   same	   contribution	   to	   model	   regardless	   of	   initial	   magnitude.	  With	   NMR	  
spectral	  data,	  this	  has	  the	  effect	  of	  enhancing	  low-­‐concentration	  metabolites,	  which	  
may	  be	  overlooked	  when	  no	   scaling	   is	   used.	  However,	   there	   is	   also	   the	  possibility	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2.5.1.3	   Pareto	  scaling	  
	  
With	   Pareto-­‐scaling	   each	   variable	   is	   divided	   by	   the	   square	   root	   of	   its	   standard	  
deviation	  (Wold,	  Johansson	  et	  al.	  1993);	  thus,	  large	  fold	  variation	  is	  decreased	  more	  
than	  small	  fold	  variation.	  This	  has	  the	  effect	  of	  offering	  a	  compromise	  between	  unit-­‐
variance	  scaling	  and	  no	  scaling	  (Eriksson,	  Johansson	  et	  al.	  1999).	  
	  
With	  the	  wide	  variety	  of	  scaling	  methods	  available,	  it	  is	  important	  not	  to	  choose	  the	  
scaling	  method	  based	  on	  the	  method	  that	  gives	  the	  ‘best	  results’,	  i.e.	  the	  results	  that	  
fit	   the	  expectations	  of	   the	   investigator.	   The	  qualities	   and	   limitations	  of	   the	   scaling	  
method	  must	  be	  taken	  into	  account	  when	  interpreting	  the	  results	  of	  the	  model.	  
	  
2.5.1.4	   Scaling	  of	  data	  for	  OPLS	  and	  OPLS-­‐DA	  
	  	  
For	   OPLS	   and	   OPLS-­‐DA	   analysis,	   unit-­‐variance	   scaled	   data	   were	   used.	   This	   was	  
decided	  as	  the	  format	  of	  the	  loadings	  coefficient	  plot	  allows	  for	  clear	  interpretation	  
as	  the	  loadings	  are	  back-­‐scaled	  to	  the	  covariance	  matrix,	  enabling	  better	  judgement	  
of	   the	   variance	   of	   each	   variable.	   In	   addition,	   the	   orthogonal	   filter	   and	   nature	   of	  
supervised	  analysis	  means	  that	  the	  focus	  is	  on	  the	  variation	  of	  interest	  and	  noise	  is	  
filtered	   out.	   	   Thus,	   the	   low-­‐concentration	   metabolites	   are	   included	   in	   the	   model,	  
without	  excessive	  enhancement	  of	  the	  noise.	  
	  
2.5.2	   Unsupervised	  multivariate	  statistical	  analysis	  
	  
2.5.2.1	   PCA	  
	  
PCA	   was	   used	   in	   this	   thesis	   as	   an	   unsupervised	  method	   of	   multivariate	   statistical	  
analysis	   to	  provide	  an	   initial	  overview	  of	   the	  data,	   revealing	  clusters	  or	   trends	  and	  
outliers	   in	   the	   data	   (Wold,	   Esbensen	   et	   al.	   1987).	   The	   data	   were	   imported	   into	  
SIMCA	  12.0	  (Umetrics	  2009)	  for	  PCA	  modelling	  of	  the	  data.	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PCA	  is	  a	  projection	  method	  which	  extracts	  and	  displays	  the	  systematic	  variation	  in	  a	  
multivariate	   data	   matrix	   (X)	   as	   a	   low-­‐dimensional	   plane.	   It	   also	   reveals	   the	  
relationship	   between	   N	   observations	   and	   K	   variables,	   and	   among	   the	   variables	  
themselves.	   In	   the	   examples	   used	   in	   this	   study,	   the	   observations	   are	   the	   samples	  
from	  the	  different	  animals,	  and	  the	  variables	  are	  the	  metabolites	  (although,	  in	  reality	  
due	   to	   integration	   of	   peaks,	   each	  metabolite	  may	   be	   represented	   by	   several	   ppm	  
values,	   and	   therefore	   the	   variables	   are	   not	   truly	   independent),	   or,	   with	   the	  
pyrosequence	  data,	   the	  bacterial	  groups.	  The	  observations	   form	  a	  swarm	  of	  points	  
within	   the	   K	   dimensional	   space;	   PCA	   finds	   planes	   in	   the	   K	   dimensional	   space	  
(consisting	   of	   as	   many	   dimensions	   as	   there	   are	   variables)	   which	   approximate	   the	  
data	  as	  effectively	  as	  possible	  in	  the	  least	  squares	  sense.	  The	  PCA	  model	  consists	  of	  
principal	  components	  (PCs);	  the	  first	  PC	  accounts	  for	  the	  largest	  amount	  of	  variance	  
possible,	   the	   second	   PC	   (orthogonal	   to	   the	   first)	   accounts	   for	   as	   much	   of	   the	  
remaining	  variance	  as	  possible,	  and	  each	  succeeding	  PC	  added	  continues	  in	  this	  way,	  
thus	  creating	  a	  ‘scores’	  plot	  (figure	  7).	  The	  number	  of	  PCs	  used	  can	  be	  determined	  by	  
calculation	  of	  R2X	  and	  Q2X.	  R2X	   is	   a	  measure	  of	   the	   ‘goodness	  of	   fit’,	   the	  variation	  
that	  is	  explained	  by	  the	  data,	  and	  increases	  with	  each	  additional	  PC.	  Its	  value	  can	  lie	  
between	  0	  and	  1,	  where	  0	  is	  no	  fit	  of	  the	  data	  and	  1	  is	  a	  perfectly	  fitted	  (over-­‐fitted)	  
model	  of	  the	  data.	  Q2X	  describes	  how	  well	  the	  variation	  in	  the	  data	  can	  be	  predicted	  
by	  the	  model.	  The	  value	  of	  Q2X	  does	  not	  behave	  in	  the	  same	  way	  as	  the	  R2X	  value	  as	  
more	  PCs	  are	  added,	  and	  will	  begin	  to	  decrease	  if	  the	  data	  is	  ‘over-­‐fitted’	  (Eriksson,	  
Johansson	  et	  al.	  2006).	  
	  
The	  scores	  plot	  describes	  the	  relationships	  between	  the	  observations,	  with	  adjacent	  
observations	  contributing	  similar	  information	  (sharing	  similar	  metabolite	  or	  bacterial	  
profiles).	   The	   scores	   plot	   is	   complemented	   by	   a	   loadings	   plot,	   which	   displays	   the	  
variables	   underlying	   the	   variation	   seen	   in	   the	   scores	   plot.	   In	   a	   loadings	   plot	   of	  
spectral	   data,	   the	   variables	   are	   represented	   as	   numbers	   corresponding	   to	   specific	  
regions	  of	  the	  spectra,	  and	  thus,	  particular	  metabolites	  (figure	  7).	  The	  loadings	  plots	  
of	  bacterial	  profile	  data	  are	  easier	  to	   interpret	  as	  the	  variables	  are	  directly	   labelled	  
according	   to	   bacterial	   group.	   The	   further	   the	   variable	   lies	   from	   the	   origin	   of	   the	  
loadings	  plot,	  the	  more	  influential	  it	  is	  for	  the	  model.	  Outliers	  can	  be	  identified	  in	  the	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scores	   plot	   using	   the	   confidence	   interval	   defined	   by	   Hotelling’s	   T2	   ellipse	   (95%	  
confidence	   interval),	  with	   strong	  outlier	  observations	  outside	   this	  ellipse	   (Hotelling	  
1931).	  However,	  Hotelling’s	  T2	  ellipse	  is	  only	  useful	  as	  a	  guide,	  as	  it	  is	  expected	  that	  
5%	   of	   the	   samples	  will	   fall	   outside	   of	   the	   ellipse,	   and	   therefore	   removal	   of	   these	  
‘strong	  outliers’,	  and	  then	  remodelling,	  can	  expect	  to	  result	   in	  5%	  of	  the	  remaining	  
samples	  to	  fall	  outside	  of	  the	  ellipse.	  
	  
Figure	  7:	  Summary	  of	   the	  process	  of	  analysing	  spectral	  data	  via	  PCA.	  The	  spectra	  are	   first	  digitised	  to	  create	  a	  
data	   matrix,	   which	   can	   then	   be	   used	   for	   PCA.	   An	   example	   scores	   plot	   and	   complementary	   loadings	   plot	   are	  
shown.	   It	   can	   be	   seen	   in	   the	   scores	   plot	   that	   the	   observations	   represented	   by	   red	   and	   green	   are	   clustered	  
together	  (indicating	  that	  the	  metabolite	  profiles	  are	  similar)	  and	  separated	  from	  the	  observations	  represented	  by	  
blue	  (indicating	  that	  the	  metabolite	  profiles	  differ).	  In	  the	  loadings	  plot,	  taurine	  (triplet	  at	  3.43	  ppm)	  lies	  far	  from	  
the	   origin	   and,	   by	   looking	   at	   the	   scores	   plot,	   it	   can	   be	   seen	   that	   taurine	   was	   lower	   in	   the	   observations	  
represented	  by	  red	  and	  green,	  and	  higher	  in	  the	  observations	  represented	  by	  blue.	  
	  
2.5.3	   Supervised	  multivariate	  statistical	  analysis	  	  
	  
OPLS	   and	   OPLS-­‐DA	   were	   performed	   in	  MATLAB,	   using	   a	   procedure	   developed	   in-­‐
house	  (Cloarec,	  Dumas	  et	  al.	  2005);	  the	  OPLS	  and	  OPLS-­‐DA	  models	  were	  constructed	  
using	  unit-­‐variance	  scaled	  NMR	  data	  as	  the	  descriptor	  matrix	  and	  class	  information,	  
or	  a	  continuous	  variable	  associated	  with	  each	  	  sample	  (such	  as	  age	  or	  weight),	  as	  the	  
response	  variable	  (Y	  predictor).	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2.5.3.1	   PLS	  and	  orthogonal	  noise	  correction	  
	  
PLS	   is	  a	  supervised	  method	  of	  multivariate	  statistical	  analysis,	  such	  that	  descriptive	  
information	   regarding	   the	   samples	   (the	   Y	   matrix)	   is	   also	   considered	   when	  
constructing	   a	   model	   to	   describe	   the	   variation	   in	   the	   samples.	   A	   quantitative	  
relationship	  between	  the	  NMR	  spectral	  data	  (X	  matrix),	  and	  quantitative	  information	  
regarding	  the	  samples	  (the	  Y	  matrix)	  is	  sought	  when	  constructing	  a	  PLS	  model	  (Wold,	  
Ruhe	   et	   al.	   1984;	   Eriksson,	   Johansson	   et	   al.	   2006).	   PLS	   can	   also	   be	   used	   in	  
discriminant	   analysis	   (PLS-­‐DA),	   when	   the	   information	   regarding	   the	   samples	   is	  
qualitative,	   rather	   than	   quantitative,	   as	   in	   this	   thesis,	  where	   the	   class	   information	  
relates	  to	  the	  animal	  genotype	  or	  cage.	  R2Y	  and	  Q2Y	  are	   informative	  parameters	  of	  
the	  model;	  the	  former	  describes	  the	  explained	  variance,	  and	  the	  latter	  reflects	  class	  
or	  parameter	  prediction.	  
	  
2.5.3.2	   Orthogonal	  noise	  correction	  applied	  to	  PLS	  models	  
	  
PLS	  modelling	   is	   negatively	   affected	  by	   systematic	   variation	   in	   the	  X	  matrix	   that	   is	  
not	  related	  to	  the	  Y	  matrix.	   In	  discriminant	  analysis,	  this	  variation	  can	  be	  described	  
as	   ‘within	   class	   variation’,	   as	   opposed	   to	   the	   variation	   of	   interest	   –	   the	   ‘between	  
class	  variation’.	  	  
	  
Orthogonal	  signal	  correction	  (OSC)	   (Wold,	  Antti	  et	  al.	  1998;	  Trygg	  and	  Wold	  2002),	  
acts	   as	   a	   multivariate	   pre-­‐processing	   filter	   that	   can	   be	   applied	   to	   separate	   the	  
uncorrelated	   signals	   resulting	   from	  variance	   in	  X	  which	   is	  unrelated	   to	  Y,	   from	   the	  
‘between	   class	   variation’	   of	   interest.	   This	   method	   allows	   for	   the	   ‘between	   class	  
variation’	  to	  be	   interpreted	   in	  the	  predictive	  components	  of	  the	  model	  scores,	  and	  
the	   ‘within	   class	   variation’	   to	   be	   interpreted	   in	   the	  orthogonal	   components	   of	   the	  
model	  scores.	  
	  
Orthogonal	   projections	   to	   latent	   structures	   (OPLS)	   and	   orthogonal	   projections	   to	  
latent	  structures	  discriminant	  analysis	  (OPLS-­‐DA)	  were	  used	  as	  ‘supervised’	  methods	  
of	  multivariate	  statistical	  analysis	  in	  this	  thesis.	  OPLS	  modelling	  is	  an	  especially	  useful	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method	   when	   the	   intervention	   being	   studied	   results	   in	   a	   subtle	   change	   in	   the	  
metabolite	  profiles,	  for	  example	  in	  nutritional	  studies,	  and	  is	  thus	  not	  the	  dominant	  
source	  of	   variation.	   In	   such	   studies	   the	  dominant	   source	  of	   variation	  may	  obscure	  
the	  variation	  of	   interest	   if	   PCA	   is	   the	  multivariate	  analysis	  of	   choice.	  Unsupervised	  
and	   supervised	   multivariate	   statistical	   analyses	   are	   used	   in	   complement	   in	   this	  
thesis,	  with	  both	  methods	  providing	  a	  useful	  insight	  in	  to	  the	  variation	  in	  metabolite	  
and	  bacterial	  profiles	  in	  the	  sample	  sets.	  
	  
The	  OPLS	  and	  OPLS-­‐DA	  coefficient	  plots	  generated	  in	  this	  thesis	  display	  the	  loadings	  
of	   each	   variable	   (the	   metabolites	   or	   bacterial	   groups)	   in	   terms	   of	   the	   correlation	  
coefficient	   between	   the	   variable	   and	   the	   class	   descriptor	   (Y	   matrix).	   	   With	   NMR	  
spectral	  data,	  the	  auto-­‐scaled	  data	  are	  back-­‐transformed	  by	  multiplying	  the	  loadings	  
values	   by	   their	   respective	   standard	   deviations.	   The	   back-­‐transformed	   loadings	   are	  
then	  plotted	  on	  to	  a	  pseudo-­‐NMR	  spectrum,	  coloured	  according	  to	  the	  correlation	  of	  
the	  X	  variable	  (the	  metabolites)	  with	  the	  Y	  matrix.	  Thus,	  the	  colour-­‐coding	  relates	  to	  
the	   strength	   of	   the	   OPLS	   correlation	   coefficients,	   and	   the	   orientation	   of	   the	   peak	  
demonstrates	   the	   covariance,	   indicating	   which	   class	   the	   variable	   is	   positively	  
correlated	   with,	   in	   OPLS-­‐DA,	   or	   whether	   the	   variable	   is	   positively	   or	   negatively	  
correlated	  with	  the	  continuous	  Y	  matrix,	  in	  OPLS	  models.	  This	  results	  in	  a	  ‘loadings’	  
plot	  with	  a	  similar	  appearance	  to	  the	  original	  NMR	  spectra,	  which	  greatly	  assists	  with	  
interpreting	  the	  model,	  as	  the	  metabolites	  which	  correlate	  strongly	  with	  a	  particular	  
class	   or	   sample	   variable	   can	   be	   easily	   identified,	   even	  when	   there	   is	   peak	   overlap	  
(Cloarec,	  Dumas	  et	  al.	  2005).	  	  
	  
With	   the	  bacterial	   profiling	  data,	   the	   same	  principles	   apply,	  however,	   the	   loadings	  
are	  not	  plotted	  on	   to	  a	  pseudo-­‐NMR	  spectrum,	  but	  are	   represented	  by	  bar	  charts,	  
with	   each	   bar	   relating	   to	   a	   particular	   bacterial	   group.	   As	   with	   the	   NMR	   data,	   the	  
vertical	   size	  of	   the	  bar	   represents	   the	  covariance	  of	   the	   loading,	  and	   the	  colour	  of	  
the	  bars	  represent	  the	  correlation	  coefficients.	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2.5.3.3	   Supervised	  multivariate	  analysis:	  Model	  optimisation	  and	  
validation	  
	  
When	   using	   supervised	   multivariate	   analysis,	   model	   validation	   is	   crucial	   to	   be	  
confident	   that	   classification	   is	   not	   based	   on	   an	   over-­‐fitted	   model,	   with	   results	  
reflecting	  the	  expectations	  of	  the	  investigator	  (Westerhuis,	  Hoefsloot	  et	  al.	  2008).	  
	  
In	  OPLS	  and	  OPLS-­‐DA	  models,	  seven-­‐fold	  cross	  validation	  was	  used	  to	  obtain	  cross-­‐
validated	   scores.	   This	   is	   accomplished	   by	   sequentially	   removing	   a	   portion	   of	   the	  
data,	   and	   then	   predicting	   the	   omitted	   data,	   to	   determine	   the	   robustness	   of	   the	  
model	  with	  differing	  parameters.	  The	  Q2Y	  value	  reflects	  the	  predictive	  ability	  of	  the	  
model	  and	  can	  be	  used	  to	  judge	  how	  many	  orthogonal	  components	  to	  include	  in	  the	  
model	  (Wold	  1978).	  	  In	  addition,	  with	  OPLS	  and	  OPLS-­‐DA,	  the	  observed	  scores	  can	  be	  
plotted	   against	   the	   cross-­‐validated	   scores	   to	   demonstrate	   the	   robustness	   of	   the	  
model.	  
	  
In	  this	  thesis,	  the	  OPLS	  and	  OPLS-­‐DA	  models	  were	  constructed	  with	  the	  appropriate	  
number	   of	   orthogonal	   components	   (OCs),	   using	   R2Y	   and	  Q2Y	   values	   as	   a	   guide,	   to	  
ensure	  good	  predictability	  without	  over-­‐fitting	  the	  model.	  The	  appropriate	  number	  
of	  predictive	  components	  was	  used	  based	  on	  the	  number	  of	  classes	  to	  be	  compared	  
in	   discriminant	   analysis.	  Models	   demonstrating	   a	   difference	   between	   classes	  were	  
deemed	   robust	   when	   separation	   in	   cross-­‐validated	   scores	   was	   observed	   in	   the	  
predictive	   component(s)	   with	   the	   appropriate	   number	   of	   OCs.	   The	   loadings	  
coefficient	  plot	  was	  also	  used	  as	  a	  guide	   for	  determining	   the	  extent	  of	  differences	  
between	  classes	  by	  examining	  the	  strength	  of	  correlations	  between	  metabolites	  or	  
bacterial	  groups	  and	  classes.	  
	  
The	  validity	  of	  the	  Q2Y	  value,	  and	  thus	  the	  predictive	  value	  of	  the	  model,	  was	  then	  
tested	   by	   subjecting	   the	   models	   to	   permutation	   tests,	   wherein	   the	   Y	   matrix	   was	  
permuted	   1000	   times	   (using	   a	   script	   in	  MATLAB	   written	   by	   Dr	   J	   Pearce	   and	   Dr	   S	  
Claus).	  For	  example,	  if	  the	  Y	  matrix	  describes	  class	  membership,	  e.g.	  ‘lean’	  or	  ‘obese’,	  
the	  Y	  matrix	  is	  shuffled	  so	  that	  some	  ‘lean’	  samples	  are	  labelled	  as	  ‘obese’	  and	  vice	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versa.	  With	  this	  new	  class	  membership	  a	  new	  Q2Y	  value	  is	  calculated	  for	  the	  model,	  
this	  process	  is	  then	  repeated	  1000	  times.	  If	  higher	  Q2Y	  values	  are	  generated	  with	  the	  
permuted	   Y	   matrices,	   it	   indicates	   that	   the	   original	   model	   is	   poorly	   predictive,	   as	  
‘miss-­‐labelling’	   the	  samples	   results	   in	  a	  better	  model,	   indicating	  any	  discrimination	  
seen	  with	  the	  original	  model	  is	  due	  to	  chance,	  rather	  than	  class	  membership.	  Models	  
were	  only	  accepted	  as	  robust	  if	  the	  Q2Y	  value	  for	  the	  actual	  model	  was	  found	  to	  be	  
significantly	  different	  to	  the	  Q2Y	  values	  created	  using	  permuted	  Y	  matrices,	  as	  judged	  
by	   the	   cumulative	   probability	   value	   determined	   at	   the	   95th	   quartile,	   providing	  
confidence	  that	  the	  model	  had	  not	  been	  spuriously	  generated.	  
	  
2.6	   Metabolite	  identification	  
	  
2.6.1	   STOCSY	  
	  
Statistical	  total	  correlation	  spectroscopy	  (STOCSY)	  analysis	  was	  used	  in	  the	  1H	  NMR	  
metabolite	  profile	  analyses	  to	  help	  identify	  which	  peaks	  in	  the	  spectra	  resulted	  from	  
the	  same	  molecule,	  and	  thus	  aid	  metabolite	  assignment.	  The	  technique	  can	  also	  be	  
used	   to	   highlight	   the	   biological	   correlations	   between	   certain	   metabolites	   that	   co-­‐
vary.	  A	  pseudo-­‐two-­‐dimensional	  NMR	  spectrum	   is	   created	   showing	   the	   correlation	  
among	  the	  peaks	  across	   the	  entire	  spectrum,	  with	   the	  peak	  of	   interest.	  Peaks	   that	  
are	   from	   the	   same	   molecule	   will	   strongly	   positively	   correlate	   (figure	   8).	   When	  
combined	   with	   OPLS-­‐DA,	   the	   discriminatory	   metabolites	   can	   be	   identified	   and	  
STOCSY	  can	  be	  used	  to	  aid	  identification	  or	  better	  understand	  the	  covariance	  of	  the	  
metabolite	  with	   the	  metabolites	   in	   the	   rest	   of	   the	   sample,	   and	   thus	   the	   potential	  
biological	  pathways	  it	  may	  be	  involved	  in	  (Cloarec,	  Dumas	  et	  al.	  2005b).	  In	  this	  thesis	  
STOCSY	  was	  performed	   in	  MATLAB	  (MathWorks)	   to	  aid	  metabolite	   identification	   in	  
the	  1H	  NMR	  spectra.	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Figure	  8:	  Example	  of	  a	  STOCSY	  analysis.	  The	  peak	  of	  interest	  was	  at	  δ7.83	  (part	  of	  a	  doublet	  at	  δ7.84).	  The	  model	  
shows	  that	  a	  triplet	  at	  δ7.65,	  a	  triplet	  at	  δ7.56	  and	  a	  doublet	  at	  δ3.97	  strongly	  positively	  correlate	  with	  the	  peak	  
of	  interest	  (as	  indicated	  by	  the	  high	  correlation	  coefficient).	  This	  strongly	  suggests	  that	  these	  chemical	  groups	  are	  
from	  the	  same	  molecule,	  hippurate.	  In	  addition,	  a	  singlet	  at	  δ6.80,	  3-­‐HPPA,	  is	  shown	  to	  be	  anti-­‐correlated	  with	  
the	  peak	  of	  interest.	  This	  is	  suggestive	  of	  a	  biological	  relationship,	  as	  both	  are	  known	  host-­‐intestinal	  microbiome	  
co-­‐metabolites.	  
2.6.2	   Spike-­‐in	  experiments	  
	  
Standards	   of	   known	   concentration	   can	   be	   “spiked	   in”	   to	   a	   sample	   to	   allow	   for	  
confirmation	   of	   metabolite	   identification	   and	   to	   gain	   absolute	   concentrations,	   by	  
comparing	   peak	   positions	   and	   the	   area	   under	   the	   peaks	   between	   the	   biological	  
sample	  and	  the	  added	  chemical	  standards	  (Beckonert,	  Keun	  et	  al.	  2007).	  
	  
2.7	   Univariate	  statistical	  analysis	  
	  
2.7.1	   Univariate	  statistical	  analysis	  of	  selected	  1H	  NMR	  metabolites	  
	  
Selected	  metabolites	  were	  integrated	  using	  an	  in-­‐house	  script	  written	  by	  Dr	  R	  Cavill.	  
This	  was	  performed	  on	  normalised	  data	  to	  generate	  the	  relative	  spectral	  intensities	  
of	  metabolites.	   Resonances	   to	   be	   integrated	  were	   carefully	   selected	   such	   that	   no	  
other	  peaks	  overlapped	  with	   the	  peak	  of	   interest.	   In	   addition,	   variation	   in	   integral	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width	  and	  baseline	  between	  samples	  was	  avoided	  so	  as	  not	  to	  confound	  the	  relative	  
spectral	  intensities	  obtained.	  
	  
Univariate	  statistical	  analysis	  was	  performed	  on	  the	  integral	  values	  using	  Graphpad	  
Prism	   (GraphPad	   Software,	   San	   Diego,	   CA).	   When	   data	   from	   two	   groups	   were	  
compared,	   a	   t-­‐test	   was	   used	   to	   identify	   the	   statistical	   significance	   of	   differences	  
between	  the	  groups.	  When	  data	  from	  three	  or	  more	  groups	  were	  compared,	  a	  one-­‐
way	   analysis	   of	   variance	   (ANOVA),	   with	   Bonferroni	  multiple	   comparisons	   test	  was	  
used.	  	  
	  
The	  data	  were	  assessed	  for	  equality	  of	  variances	  and	  normality,	  so	  as	  to	  judge	  which	  
t-­‐test	   would	   be	   appropriate,	   and	   to	   judge	   whether	   one-­‐way	   ANOVA	   would	   be	  
appropriate,	   as	   the	   test	   assumes	   that	   the	   populations	   compared	   have	   the	   same	  
standard	   deviation	   and	   that	   the	   data	   is	   sampled	   from	   populations	   following	   a	  
Gaussian	   distribution.	   A	   Bartlett’s	   test	  was	   used	   to	   test	   if	   the	   samples	  were	   from	  
populations	   with	   equal	   variances.	   With	   small	   sample	   sets	   (n	   <	   8),	   the	   data	   were	  
assessed	   for	   normality	   using	   the	   Kolmogorov-­‐Smirnov	   test,	   with	   the	   Dallal-­‐
Wilkinson-­‐Lilliefor	  corrected	  P	  value.	  With	  larger	  sample	  sets	  (n	  ≥	  8),	  the	  data	  were	  
assessed	  for	  normality	  using	  the	  D'Agostino-­‐Pearson	  test.	  	  
	  
2.7.2	   Univariate	  statistical	  analysis	  of	  pyrosequence	  data	  
	  
Univariate	   statistical	   analysis	   of	   the	  bacterial	   group	   relative	   abundance	   values	  was	  
performed	   using	   Graphpad	   Prism	   (GraphPad	   Software,	   San	   Diego,	   CA).	   The	   data	  
were	  assessed	  for	  normality	  prior	  to	  analysis	  using	  the	  D'Agostino-­‐Pearson	  test,	  and	  
the	  Bartlett’s	  test	   for	  equality	  of	  variance.	  The	  statistical	  significance	  of	  differences	  
between	   groups	   was	   assessed	   using	   one-­‐way	   ANOVA	   and	   Tukey-­‐Kramer	   multiple	  
comparisons	  test.	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2.8	   Obtaining	  composition	  profiles	  of	  the	  intestinal	  microbiota	  	  
	  
2.8.1	   Methods	  available	  for	  bacterial	  profiling	  
	  
There	  are	  a	  wide	  array	  of	  methods	  available	  for	  gaining	  insight	  in	  to	  the	  composition	  
of	   the	   intestinal	  microbiota,	  with	  each	  method	  offering	  advantages	  and	   limitations	  
and,	   as	   a	   result,	   differing	   perspectives	   on	   the	   significance	   of	   the	   contributions	   of	  
different	   microbial	   species	   in	   the	   community	   of	   interest	   (Harmsen,	   Gibson	   et	   al.	  
2000;	  Rajilic-­‐Stojanovic,	  Smidt	  et	  al.	  2007).	  The	  choice	  of	  the	  methodology	  employed	  
in	  a	  study	  will	  largely	  depend	  on	  the	  questions	  being	  addressed.	  It	  is	  important	  to	  be	  
aware	  of	  the	  potential	  bias	  created	  by	  the	  strengths	  and	  weaknesses	  of	  the	  specific	  
techniques	   utilised	   by	   investigators	   as	   this	   will	   likely	   have	   a	   bearing	   on	   the	  
robustness	  of	  the	  conclusions	  drawn.	  
	  
Traditionally,	   gastrointestinal	   bacteria	   composition	   has	   been	   investigated	   using	  
culture-­‐based	   techniques;	   this	   approach	   is	   labour	   intensive,	   and	   requires	   prior	  
knowledge	  of	  the	  bacterial	  species	  so	  as	  to	  gauge	  the	  specific	  nutritional	  and	  growth	  
requirements.	  Due	  to	  these	  restrictions,	  and	  the	  anoxic	  conditions	  required	  for	  many	  
intestinal	  bacteria,	  the	  culturable	  fraction	  of	  the	  intestinal	  microbiota	   is	  considered	  
to	   be	   a	   minority	   (Harmsen,	   Gibson	   et	   al.	   2000;	   Vaughan,	   Schut	   et	   al.	   2000;	  
Zoetendal,	  Collier	  et	  al.	  2004;	  Eckburg,	  Bik	  et	  al.	  2005).	  
	  
Culture-­‐independent	  methods,	   based	   on	   the	   16S	   rRNA	   gene,	   avoid	   the	   limitations	  
associated	  with	   culture-­‐based	   experiments,	   and	   have	   been	   used	  more	   recently	   to	  
provide	  complementary	   information	  to	  traditional	  techniques.	  Culture-­‐independent	  
methods	   apply	   molecular	   technology,	   usually	   based	   on	   comparative	   nucleic	   acid	  
sequence	   information,	   to	   allow	   for	   identification	   and	   quantification	   of	   the	  
microorganisms	  present.	  Sequence	  variation	  in	  the	  16S	  rRNA	  gene	  among	  different	  
species	   can	   be	   used	   to	   reconstruct	   phylogenetic	   relationships	   between	   differing	  
species	   in	   the	   community,	   and	   as	   such	   provide	   a	   classification	   system	   (Amann,	  
Krumholz	   et	   al.	   1990).	   These	  methods	   include:	   ‘fingerprinting’	   techniques	   such	   as	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denaturing	   gradient	   gel	   electrophoresis	   (DGGE)	   and	   temperature	   gradient	   gel	  
electrophoresis	  (TGGE);	  quantitative	  polymerase	  chain	  reaction	  (PCR);	  fluorescent	  in	  
situ	   hybridization	   (FISH);	   diversity	   microarrays;	   capillary	   (Sanger)	   sequencing;	   and	  
pyrosequencing	  (Zoetendal,	  Collier	  et	  al.	  2004;	  Hamady	  and	  Knight	  2009).	  
	  
So-­‐called	  ‘fingerprinting’	  techniques,	  such	  as	  DGGE,	  are	  based	  on	  amplification	  of	  a	  
specific	  gene,	  usually	  16S	  rRNA,	  and	  then	  separation	  of	  the	  different	  variants	  of	  the	  
gene	  in	  the	  community	  sample	  by	  electrophoresis	  in	  combination	  with	  a	  denaturing	  
agent	   (as	  with	  DGGE),	   or	   a	   temperature	   gradient	   (as	  with	  TGGE),	   that	   induces	   the	  
DNA	  to	  melt,	  causing	  separation	  of	  DNA	  molecules.	  The	  technique	  is	  relatively	  fast,	  
but	  is	  limited	  by	  the	  relatively	  low	  dynamic	  range,	  with	  only	  the	  few	  most	  abundant	  
members	   of	   the	   community	   easily	   observed.	   The	   technique	   is	   most	   useful	   for	  
monitoring	   temporal	   community	   shifts,	   variation	   following	   treatment,	   and	  
comparison	  of	  communities	  from	  differing	  biological	  sites	  (Zoetendal,	  von	  Wright	  et	  
al.	  2002;	  Zoetendal,	  Collier	  et	  al.	  2004).	  
	  
FISH	   is	  a	  commonly	  applied	  culture-­‐independent	  approach	  for	  quantifying	  bacterial	  
cells	   in	   a	   sample,	   using	   small	   subunit	   rRNA-­‐targeted	   oligonucleotide	   probes,	   with	  
probes	   available	   to	   quantify	   bacteria	   belonging	   to	   a	   range	   of	   genera	   including:	  
Bacteroides,	   Bifidobacterium,	   Clostridium,	   Collinsella,	   Eubacterium,	   Fibrobacter,	  
Fusobacterium,	   Lachnospira,	   Lactobacillus,	   Ruminococcus,	   Streptococcus	   and	  
Veillonella	   (Amann,	   Krumholz	   et	   al.	   1990;	   Franks,	   Harmsen	   et	   al.	   1998;	   Harmsen,	  
Raangs	   et	   al.	   2002;	   Zoetendal,	   Collier	   et	   al.	   2004).	   FISH	   uses	   fluorescent	   probes	  
which	  bind	   to	   sequences	  of	  high	   sequence	  complementarity.	  The	   fluorescence	  can	  
then	  be	  detected	  using	  epiflourescent	   light	  microscopy,	   confocal	   laser	  microscopy,	  
or	  flow	  cytometry	  to	  directly	  quantify	  individual	  bacteria	  (Vaughan,	  Schut	  et	  al.	  2000;	  
Zoetendal,	   Collier	   et	   al.	   2004).	   The	   key	   benefits	   of	   FISH	   include	   the	   relatively	   fast	  
speed	  of	  data	  acquisition	  and	   the	   low-­‐cost	  of	   the	   technique.	  The	  disadvantages	  of	  
FISH	  include	  the	  dependence	  on	  availability	  of	  reference	  sequences	  in	  the	  databases,	  
and	   the	   limited	   number	   of	   probes	   that	   can	   be	   used	   per	   analysis	   (Zoetendal,	   von	  
Wright	  et	  al.	  2002;	  O'Toole	  and	  Claesson	  2010).	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DNA	  microarrays,	  such	  as	  the	  PhyloChip	  (Wilson,	  Wilson	  et	  al.	  2002)	  provide	  relative	  
quantification	  of	  bacterial	  groups,	  and	  have	  the	  capacity	  to	  be	  much	  more	  affordable	  
and	  have	  a	  much	  greater	  dynamic	  range	  than	  sequencing	  studies	  ,	  but	  they	  require	  
that	   the	  sequences	  be	  known	  beforehand,	  so	   that	   they	  can	  be	  printed	  on	  the	  chip	  
(DeSantis,	  Brodie	  et	  al.	  2007),	  and	  at	  present	  absolute	  quantification	  is	  not	  possible	  
due	   to	   high	   variation	   in	   the	   hybridization	   signal	   intensity	   of	   different	   probe-­‐target	  
duplexes	  (Rajilic-­‐Stojanovic,	  Heilig	  et	  al.	  2009).	  
	  
Capillary	   (Sanger)	   sequencing	   was	   first	   developed	   as	   a	   method	   for	   determining	  
nucleotide	   sequences	   in	   DNA	   by	   Frederick	   Sanger	   in	   1977	   (Sanger,	   Nicklen	   et	   al.	  
1977),	  and	  is	  capable	  of	  producing	  reads	  of	  up	  to	  800	  bases,	  a	  feature	  which	  is	  useful	  
for	  investigating	  gene	  functions	  for	  metagenomic	  analysis	  (Wommack,	  Bhavsar	  et	  al.	  
2008).	   However,	   it	   is	   a	   costly	   and	   time-­‐consuming	   alternative	   to	   pyrosequencing.	  
Additionally,	  capillary	  sequence	  and	  pyrosequence	  data	  have	  been	  shown	  to	  achieve	  
comparable	   results	   in	   faecal	   samples	   in	   both	   animal	   (McKenna,	   Hoffmann	   et	   al.	  
2008)	  and	  human	  (Turnbaugh,	  Hamady	  et	  al.	  2009)	  studies.	  
	  
2.8.2	   Next	  generation	  high-­‐throughput	  sequencing	  for	  microbiota	  
composition	  profiling	  
	  
In	   this	   thesis,	   faecal	   microbiota	   composition	   profiles	   were	   obtained	   using	   next	  
generation	   “sequencing	   by	   synthesis”	   pyrosequencing,	   using	   454	   Life	   Sciences	  
technology	   (now	   owned	   by	   Roche	   Diagnostics)	   (Margulies,	   Egholm	   et	   al.	   2005).	  
Pyrosequencing	  provides	  a	  faster	  alternative	  to	  traditional	  capillary	  sequencing	  and	  
also	  avoids	  the	  cloning	  bias	  associated	  with	  Sanger	  sequencing	  (Hamady	  and	  Knight	  
2009).	  
	  
The	   recent	   development	   of	   parallel,	   high-­‐throughput	   pyrosequencing	   technologies	  
has	  revolutionised	  the	  study	  of	  the	   intestinal	  microbiome	  (Petrosino,	  Highlander	  et	  
al.	   2009).	   Pyrosequencing	   provides	   a	   rapid	   means	   of	   profiling	   microorganism	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communities,	   with	   relative	   abundances	   generated	   and	   the	   ability	   to	   classify	   the	  
sequences	  according	  to	  phylogeny	  and	  function.	  
	  
Despite	  the	  clearly	  demonstrated	  utility	  of	  454	  pyrosequencing,	  the	  methodology	  is	  
not	  without	   limitations	  which	   should	  be	   considered	  when	   interpreting	   results.	   The	  
shorter	   read	   lengths	   yielded	   by	   pyrosequencing,	   compared	   to	   traditional	   Sanger	  
sequencing,	  is	  a	  key	  disadvantage.	  This	  results	  in	  an	  increased	  error	  rate,	  with	  Sanger	  
sequencing	  reported	  to	  have	  an	  error	  rate	  of	  between	  0.001%	  and	  1%,	  compared	  to	  
an	  error	  rate	  of	  between	  0.49%	  and	  2.8%	  with	  pyrosequencing	  methods	  (Hoff	  2009).	  
Due	   to	   this	   limitation,	   the	   target	   sequence	   is	   of	   high	   importance,	   with	   highly	  
informative	  hypervariable	  regions	  within	  the	  16S	  rRNA	  gene	  carefully	  selected.	  These	  
regions	   (V1-­‐V9)	   demonstrate	   substantial	   sequence	   diversity	   among	   different	  
bacteria,	   and	   no	   single	   region	   can	   differentiate	   between	   all	   bacteria.	   It	   has	   been	  
argued	  that	  the	  V2	  and	  V3	  regions	  (Chakravorty,	  Helb	  et	  al.	  2007)	  or	  the	  V2	  and	  V4	  
regions	   (Wang,	   Garrity	   et	   al.	   2007)	   are	   the	   most	   useful	   in	   genus	   identification,	  
however	   the	   choice	   of	   hypervariable	   region(s)	   in	   a	   study	  will	   undoubtedly	   impact	  
results	   and	   must	   be	   acknowledged	   when	   comparing	   studies.	   Related	   to	   these	  
limitations	  are	  the	  biases	  in	  primer	  specificity	  that	  are	  associated	  with	  all	  PCR-­‐based	  
methodologies	  (Wang	  and	  Qian	  2009;	  Aird,	  Ross	  et	  al.	  2011;	  Sim,	  Cox	  et	  al.	  2012).	  
	  
Despite	   these	   current	   limitations,	   454	   pyrosequencing	   has	   proven	   to	   be	   an	  
invaluable	   tool	   in	   the	   study	   of	   intestinal	  microbiota	   (Hildebrandt,	   Hoffmann	   et	   al.	  
2009;	   Turnbaugh,	   Quince	   et	   al.	   2010),	   and	   it	   is	   hoped	   that	   the	   continuing	  
development	  of	   this	   technology,	   such	  as	   the	  generation	  of	   increased	   read-­‐lengths,	  
will	   result	   in	   more	   reliable	   and	   interpretable	   data	   in	   the	   future.	   Additionally,	   the	  
continuing	  development	  of	  informatics	  for	  processing	  the	  large	  data	  sets	  generated	  
(Petrosino,	   Highlander	   et	   al.	   2009),	   including	   filtering	   of	   samples	   to	   minimise	   the	  
effect	  of	  sequencing	  errors	  (Johnson	  and	  Slatkin	  2008),	  will	  greatly	  contribute	  to	  the	  
generation	  of	  more	  robust	  data	  and	  conclusions.	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2.8.3	   Future	  directions:	  Understanding	  functional	  host-­‐microbiome	  
interactions	  
	  
Functional	  metagenomics	   is	   an	   emerging	   field	  with	   the	   aim	   of	   not	   just	   answering	  
‘which	  microbes	  are	  present?’,	  but	  also	   ‘what	  are	   the	  microbes	  doing?’	   (Grice	  and	  
Segre	  2012).	  A	  variety	  of	  techniques	  have	  been	  applied	  to	  the	  study	  of	  the	  intestinal	  
microbiota	   with	   the	   aim	   of	   answering	   the	   latter	   question;	   these	   include:	   reverse	  
transcription-­‐PCR	   (Deplancke,	  Hristova	   et	   al.	   2000);	  whole-­‐genome	   shotgun	   (WGS)	  
metagenomic	   sequencing;	   and	  metatranscriptomics	   and	  metaproteomics	   (Hamady	  
and	  Knight	  2009).	  
	  
The	   intestinal	   microbiome	   was	   one	   of	   the	   first	   human	   ecosystems	   to	   be	   profiled	  
using	   WGS	   metagenomic	   analysis,	   with	   the	   functional	   capability	   of	   the	   intestinal	  
microbiomes	  of	  both	  American	  (Gill,	  Pop	  et	  al.	  2006;	  Turnbaugh,	  Hamady	  et	  al.	  2009)	  
and	  Japanese	  (Kurokawa,	  Itoh	  et	  al.	  2007)	  individuals	  investigated.	  More	  recently,	  a	  
‘core	   gut	  metagenome’	   was	   characterised	   following	   an	   Illumina	   Genome	   Analyzer	  
technology-­‐	   based	   WGS	   metagenomic	   analysis	   of	   124	   Europeans.	   The	   core	   gut	  
metagenome	   was	   described	   to	   include	   genes	   crucial	   for	   host-­‐microbiome	  
interactions	  such	  as	  those	  required	  for	  polysaccharide	  degradation	  and	  short	  chain	  
fatty	  acid	  synthesis	  (Qin,	  Li	  et	  al.	  2010).	  
	  
The	   application	   of	   metatranscriptomics	   and	   metaproteomics	   to	   the	   study	   of	   the	  
functions	   of	   the	   intestinal	  microbiome	   is	   a	   particularly	   recent	   development	   in	   this	  
field	   (Verberkmoes,	   Russell	   et	   al.	   2009;	   Gosalbes,	   Durbán	   et	   al.	   2011).	   The	  
generation	   of	   faecal	   metatranscriptome	   profiles	   from	   ten	   healthy	   individuals	  
highlighted	   key	   roles	   of	   the	   intestinal	   microbiome	   in	   carbohydrate	   metabolism,	  
energy	   production	   and	   synthesis	   of	   cellular	   components	   (Gosalbes,	   Durbán	   et	   al.	  
2011).	  
	  
In	   addition	   to	   the	   variety	   of	   ‘omics’	   techniques	   available	   for	   understanding	   the	  
compositional	  and	   functional	  profile	  of	   the	   intestinal	  microbiome,	   the	  combination	  
of	   culture-­‐independent	  bacterial	  profiling	   techniques	  with	  metabonomic	  analysis	   is	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another	  emerging	  strategy	  for	  gaining	  new	  insights	  in	  to	  functional	  host-­‐microbiome	  
relationships	   (Turnbaugh	   and	   Gordon	   2008;	   Waldram,	   Holmes	   et	   al.	   2009;	   Li,	  
Ashrafian	  et	  al.	  2011).	  
	  
2.9	   Pyrosequence	  analysis	  of	  the	  Zucker	  rat	  faecal	  microbiota	  
	  
2.9.1	   Isolation	  of	  DNA	  from	  faecal	  samples	  
	  
For	   16S	   rRNA	  gene	  profiling	   four	   faeces	   collection	   time	  points	  were	   selected	   from	  
the	  ten	  time	  points	  of	  the	  study,	  when	  the	  animals	  were	  aged:	  five,	  seven,	  ten	  and	  
fourteen	  weeks	  of	  age.	  Each	  faecal	  sample	  consisted	  of	  a	  sub-­‐sample	  from	  at	   least	  
two	   different	   pellets,	   with	   a	   total	   weight	   of	   approximately	   200	   mg.	   DNA	   was	  
extracted	  from	  the	  Zucker	  rat	  faecal	  samples	  for	  microbiota	  composition	  analysis	  by	  
454	   pyrosequencing	   using	   the	   Qiagen	   QIAamp	   DNA	   stool	   kit,	   as	   per	   the	  
manufacturer’s	   instructions.	   An	   additional	   bead-­‐beating	   step	   was	   included	   for	  
homogenisation	   of	   sample	   and	   lysis	   of	   bacterial	   cells	   (0.1	   g	   0.1	   mm	   sterile	   glass	  
beads,	   FastPrep	  bead-­‐beater	   (Q-­‐BIOgene),	   setting	   six	   (6	  metres	  per	   second)	   for	  20	  
seconds,	  repeated	  with	  5	  minutes	  on	  ice	  between	  cycles).	  Following	  DNA	  extraction,	  
DNA	   concentration	   and	   purity	   was	   determined	   using	   a	   NanoDrop	  
Spectrophotometer	   (Thermo	   Scientific,	   Wilmington,	   DE,	   USA),	   and	   diluted	   to	   a	  
working	  concentration	  of	  10	  ng/µl.	  	  
	  
2.9.2	   Polymerase	  chain	  reaction	  (PCR)	  amplification	  
	  
Polymerase	  chain	  reaction	   (PCR)	  was	  used	  to	  amplify	   the	  V1-­‐V3	  regions	  of	   the	  16S	  
rRNA	  gene	   from	  each	  DNA	   sample	  using	   the	  primers	   shown	   in	   table	   3	   (appendix),	  
and	  was	  performed	   in	   triplicate	  on	  all	   samples	  using	  a	  C1000	  Thermal	  Cycler	   (Bio-­‐
Rad,	   USA).	   PCR	   mixtures	   (50	   µl)	   contained	   Taq	   polymerase	   (0.25	   µl,	   5	   unit/µl	  
solution),	   buffer	   (10	   µl),	   MgCl2	   (3	   µl,	   1.5mM),	   deoxynucleoside	   triphosphates	  
(dNTPs,	   0.4	  µl,	   0.2mM	  of	   each	   dNTP),	   1	  µl	   of	   each	   barcoded	   primer,	   1	  µl	   of	   each	  
sample	  DNA	  (10	  ng),	  and	  34.35	  µl	  H2O.	  Barcoded	  sequences	  unique	  to	  each	  sample	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within	   one	   sequencing	   plate	   (three	   plates	   in	   total	   were	   used)	   were	   employed	   in	  
order	   to	   identify	   the	   PCR	   products	   originating	   from	   each	   sample	   (see	   table	   3,	  
appendix,	   for	  barcode	  details).	   	  The	  PCR	  cycle	  conditions	  were:	  95oC	   for	  5	  minutes	  
initial	  denaturation,	  followed	  by	  25	  cycles	  of	  ampliﬁcation	  at	  95oC	  denaturation	  for	  
30	  seconds,	  annealing	  at	  55oC	  for	  40	  seconds,	  and	  extension	  of	  72oC	  for	  1	  min,	  with	  a	  
final	  extension	  of	  72oC	  for	  5	  min,	  see	  figure	  9	  for	  the	  explanation	  of	  these	  PCR	  steps.	  
To	   confirm	   that	   the	   PCR	   amplified	   the	   DNA	   fragment	   of	   interest,	   agarose	   gel	  
electrophoresis	   was	   employed	   to	   separate	   the	   PCR	   products	   and	   allow	   for	  
comparison	   of	   the	   PCR	   products	   with	   a	   DNA	   ladder	   representing	   a	   range	   of	  
molecular	  weights,	  and	  a	  sample	  of	  the	  fragment	  of	  interest.	  PCR	  products	  (created	  
in	   triplicate)	   were	   pooled	   for	   each	   sample,	   puriﬁed	   using	   a	   Qiagen	   QIAquick	   PCR	  
puriﬁcation	   kit,	   and	   quantified,	   again	   using	   a	   NanoDrop	   Spectrophotometer.	   The	  
samples	   were	   normalised	   to	   5	   ng/µl,	   and	   4	   µl	   was	   transferred	   to	   a	   new	   micro	  
centrifuge	   tube	   for	  pooling	  of	   samples.	   The	   samples	  were	   run	  on	   three	  18ths	  of	   a	  
454	  Pico	  Titre	  Plate,	  and	  so	  were	  pooled	  in	  to	  three	  1.5	  ml	  micro	  centrifuge	  tubes.	  	  
	  
Figure	   9:	   Schematic	   depicting	   the	   different	   temperature	   steps	   involved	   in	   PCR.	   Abbreviations:	   	   dNTPS,	  
deoxynucleotide	  Triphosphates.	  Adapted	  from	  “Principles	  and	  Technical	  Aspects	  of	  PCR	  Amplification”	  (Van	  Pelt-­‐
Verkuil,	  Van	  Belkum	  et	  al.	  2008).	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2.9.3	   454	  pyrosequencing	  of	  the	  PCR	  products	  
	  
Samples	  were	  sent	  to	  the	  University	  of	  Liverpool	  to	  be	  sequenced	  on	  a	  Roche	  454	  GS	  
FLX.	  The	  principles	  of	  454	  pyrosequencing	  are	  summarised	  in	  figure	  10.	  The	  details	  of	  
each	  of	  the	  five	  key	  steps	  are	  as	  follows:	  
	  
1) The	   single	   stranded	   PCR	   products	   were	   ligated	   to	   adapters	   and	   were	  
immobilised	   onto	   DNA	   capture	   beads	   under	   conditions	   that	   favour	   one	  
fragment	   per	   bead.	   The	   adapters	   provide	   priming	   sequences	   to	   allow	   for	  
both	  amplification	  and	  sequencing.	  	  
2) The	  beads	  were	  compartmentalised	  in	  droplets	  of	  a	  PCR-­‐reaction-­‐mixture-­‐in-­‐
oil	  emulsion.	  This	  allows	  for	  PCR	  amplification	  to	  occur	  within	  each	  droplet,	  
producing	  ten	  million	  copies	  of	  a	  unique	  DNA	  template	  in	  each	  bead.	  
3) The	  beads	  were	   then	   transferred	   into	  wells	  on	  a	  Pico	  Titre	  Plate.	   The	  wells	  
are	   of	   a	   size	   to	   allow	   only	   one	   bead	   per	   well.	   Additionally,	   smaller	   beads	  
carrying	   immobilised	   enzymes	   needed	   for	   a	   solid	   phase	   pyrophosphate	  
sequencing	   reaction	   were	   deposited	   into	   each	   well.	   The	   plate,	   containing	  
approximately	  1.6	  million	  wells	  (Leamon,	  Lee	  et	  al.	  2003),	  is	  then	  mounted	  in	  
a	  flow	  chamber.	  
4) The	   fluidics	   system	   delivers	   individual	   nucleotides	   across	   the	   wells	   of	   the	  
plate,	   with	   the	   four	   DNA	   nucleotides	   added	   sequentially	   in	   a	   fixed	   order	  
during	  the	  sequencing	  run.	  
5) When	  a	  complimentary	  nucleotide	  is	  introduced	  to	  the	  DNA	  template	  (shown	  
in	  black),	  the	  nucleotide	  is	  added	  to	  an	  extending	  DNA	  strand	  (shown	  in	  red),	  
via	   DNA	   polymerase	   (shown	   as	   a	   purple	   oval).	   This	   reaction	   causes	   the	  
release	  of	  pyrophosphate	   (PPi),	   causing	  an	  enzymatic	   cascade	   involving	   the	  
conversion	  of	  PPi	  to	  ATP	  via	  sulfurylase	  (blue	  arrow).	  Following	  this	  reaction,	  
ATP	  is	  used	  by	  luciferase	  (red	  arrow)	  to	  convert	  luciferin	  to	  oxyluciferin,	  with	  
light	  emitted	  and	  captured	  by	  a	  digital	  camera	  (Rothberg	  and	  Leamon	  2008).	  
The	   strength	   of	   the	   detected	   light	   signal	   is	   proportional	   to	   the	   number	   of	  
nucleotides,	   with	   a	   sequence	   of	   identical	   nucleotides	   resulting	   in	   a	   more	  
intense	  chemiluminescent	  signal	  (Ronaghi,	  Karamohamed	  et	  al.	  1996).	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2.9.4	   Processing	  of	  454	  sequence	  data	  
	  
Samples	  were	  processed	  using	   the	  Ribosomal	  Database	   Project	   (RDP)	   pyropipeline	  
(Cole,	  Wang	  et	  al.	  2009),	  to	  remove	  any	  reads	  that	  were	  less	  than	  250	  base	  pairs	  and	  
contained	   any	   ambiguities.	   The	   ﬁltered	   sequences	   were	   classiﬁed	   using	   the	   RDP	  
classiﬁer	   (Wang,	   Garrity	   et	   al.	   2007)	   and	   the	   relative	   proportions	   of	   phyla	   and	  
families	  calculated.	  	  Due	  to	  variation	  in	  sequence	  reads	  per	  sample	  (the	  second	  plate	  
out	  of	  the	  three	  PTPs	  obtained	  lower	  total	  sequences	  per	  sample),	  the	  samples	  were	  
normalised	  to	  the	  lowest	  sequence	  count	  per	  animal	  (Schloss,	  Westcott	  et	  al.	  2009).	  
The	  normalised	  data	  were	  compared	  with	  the	  non-­‐normalised	  data	  to	  verify	  that	  the	  
process	   had	   not	   affected	   the	   relative	   abundances	   of	   bacterial	   groups	   significantly.	  
The	  resultant	  relative	  abundance	  values	  were	  used	  for	  multivariate	  (PCA,	  OPLS	  and	  
OPLS-­‐DA)	  and	  univariate	  (one-­‐way	  ANOVA)	  statistical	  analyses.	  
	  
	  
Figure	  10:	  Schematic	  of	  the	  key	  steps	  in	  pyrosequencing	  using	  a	  Roche	  454	  GS	  FLX,	  adapted	  from	  "Genome	  
sequencing	  in	  microfabricated	  high-­‐density	  picolitre	  reactors"	  (Margulies,	  Egholm	  et	  al.	  2005).	  See	  main	  text	  
for	  a	  detailed	  explanation	  of	  each	  of	  the	  five	  steps.	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3.	   1H	  NMR-­‐based	  metabonomic	  profiling	  of	  urine	  and	  plasma	  
in	  the	  Zucker	  rat	  
	  
3.1	   Summary	  
	  
The	  intestinal	  bacterial	  profiles	  of	   lean	  and	  obese	  Zucker	  rats	  have	  previously	  been	  
shown	  to	  differ;	  however,	  as	  the	  animals	  were	  housed	  according	  to	  genotype,	  some	  
of	   the	   reported	   differences	  may	   have	   simply	   resulted	   from	   the	  microenvironment	  
within	  each	  cage.	  Therefore,	  we	  designed	  a	  study	  to	  address	  this	  confounding	  factor,	  
with	  lean	  and	  obese	  Zucker	  rats	  housed	  within	  the	  same	  cage.	  The	  effect	  of	  mixed-­‐
strain	  housing	  of	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  (fa/+),	  Zucker	  rats	  on	  the	  evolution	  
and	  development	  of	  the	  microbiome	  and	  metabolic	  phenotype	  of	  the	  animals	  over	  
the	  course	  of	  10	  weeks	  has	  been	   investigated	  using	   1H	  NMR	  spectroscopy	  of	  urine	  
and	  plasma	  and	  multivariate	  statistics.	  Urinary	  metabolite	  profiles	  of	  the	  obese	  and	  
lean	  phenotype	  at	  weekly	  intervals	  over	  the	  age	  range	  5	  to	  14	  weeks	  were	  generated	  
using	   1H	   NMR	   spectroscopy.	   Plasma	   samples	   were	   collected	   at	   14	   weeks	   and	  
metabolite	  profiles	  of	  the	  obese	  and	   lean	  phenotypes	  were	  generated	  using	  CMPG	  
1H	   NMR	   spectroscopy.	   A	   total	   of	   18	   animals	   were	   housed	   in	   six	   cages,	   each	  
containing	  one	  animal	   from	  each	  strain.	  PCA	  was	  used	   to	  model	   the	  spectral	  data,	  
and	   clearly	   discriminated	   between	   the	   lean	   and	   obese	   strains.	   Urinary	   metabolic	  
differences	   were	   apparent	   at	   week	   5	   and	   trajectory	   plots	   illustrated	   further	  
divergence	   with	   age	   between	   the	   obese	   and	   lean	   strains.	   The	   key	   urinary	  
metabolites	   shown	   to	   discriminate	   between	   the	   (fa/fa)	   and	   (+/+)	   strains	   included	  
formate,	   taurine,	   2-­‐oxoglutarate,	   citrate,	   creatinine	   and	   N-­‐acetyl	   glycoprotein	  
fragments.	   The	  key	  plasma	  metabolites	   shown	   to	  discriminate	  between	   the	   (fa/fa)	  
and	   (+/+)	   strains	   included	   phosphocholine,	   acetoacetate,	   valine,	   isoleucine,	   lipid	  
peaks	   and	   trimethylamine-­‐N-­‐oxide	   (TMAO).	   The	   two	   lean	   strains	  were	   comparable	  
metabolically,	   with	   both	   strains	   exhibiting	   a	   similar	   urinary	   metabolite	   trajectory	  
over	  the	  10	  week	  sampling	  period.	  Association	  of	  metabolic	  phenotype	  with	  cage	  or	  
group	   was	   investigated	   to	   explore	   the	   influence	   of	   local	   environment	   on	   the	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development	   of	   the	   obese	   model.	   Some	   evidence	   of	   cage-­‐related	   clustering	   of	  
samples	   was	   apparent,	   but	   the	   differences	   arising	   from	   strain-­‐related	   phenotypic	  
variation	  dominated	   the	  models.	   Future	  work	  will	   focus	  on	   characterisation	  of	   the	  
gut	   bacterial	   profiles	   of	   these	   animals	   via	   a	  metagenomic	   approach	   since	   the	   gut	  
microbiota	   have	   been	   shown	   to	   differ	   between	   the	   lean	   and	   obese	   Zucker	  
phenotypes.	  
3.2	   Aim	  
	  
To	  investigate	  the	  effect	  of	  mixed-­‐strain	  housing	  of	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  
(fa/+),	   Zucker	   rats	   on	   the	   evolution	   and	   development	   of	   the	   urinary	   metabolite	  
profiles	   of	   the	   animals	   over	   the	   course	   of	   10	   weeks,	   and	   the	   plasma	   metabolite	  
profiles	  at	  14	  weeks	  of	  age,	  using	  1H	  NMR	  spectroscopy	  and	  multivariate	  statistics.	  
3.3	   Objectives	  
	  
• Investigate	  the	  age-­‐related	  changes	  in	  urinary	  metabolite	  profiles	  associated	  with	  
the	  progression	  of	  an	  obese	  disease	  state	  in	  the	  obese	  Zucker	  rat	  
• Explore	   adiposity-­‐induced	   perturbation	   of	   plasma	   metabolite	   profiles	   in	   the	  
obese	  Zucker	  rat,	  compared	  to	  lean	  controls	  
• Investigate	  changes	  in	  the	  interactions	  of	  the	  mammalian	  host	  and	  microbiota	  in	  
the	  obese	  and	  lean	  Zucker	  rat	  based	  on	  data	  from	  the	  biofluid	  profiles.	  
	  
Metabolic	  differences	  were	  previously	  observed	  between	  lean	  and	  obese	  Zucker	  rats	  
at	   10	   weeks	   of	   age	   and	   could	   be	   correlated	   to	   some	   extent	   with	   the	   observed	  
differences	   in	   gut	  microbial	   species	   (Waldram,	  Holmes	   et	   al.	   2009).	   However,	   it	   is	  
currently	   not	   clear	   whether	   the	   lean	   and	   obese	   animals	   all	   begin	   with	  
similar/identical	   microbiomes	   and	   then	   diverge	   with	   time	   as	   the	   obese	   animals	  
become	   increasingly	   dyslipidaemic	   or	   whether	   they	   begin	   with	   different	  
microbiomes.	   Also,	   as	   the	   three	   strains	   were	   housed	   separately	   in	   the	   previous	  
study,	   there	   is	   a	   possibility	   that	   environmental	   conditions	   as	   well	   as	   physiological	  
factors	  had	  contributed	  to	  the	  final	  gut	  microbiota	  population.	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   67	  
	  
3.4	   Introduction	  
	  
Metabonomic	   profiling	   is	   proving	   to	   be	   useful	   tool	   in	   gaining	   a	   global	   view	   of	   the	  
various	   metabolic	   abnormalities	   encompassed	   by	   metabolic	   syndrome,	   including	  
obesity	   progression,	   dyslipidaemia	   and	   type	   2	   diabetes	   (Griffin	   and	   Nicholls	   2006;	  
Orešič	  2009;	  Zivkovic	  and	  German	  2009).	  
	  
Urine	  and	  plasma,	  as	  biological	  matrices	  for	  metabonomic	  analysis,	  are	  of	  particular	  
utility	  for	  gaining	  insight	  into	  disease	  states.	  Urine	  sample	  collection	  is	  non-­‐invasive	  
and	  as	  such	  can	  be	  collected	  easily	  and	  ethically	  at	  various	  time	  points	  over	  a	  given	  
duration,	   generating	   valuable	   information	   relating	   to	   the	   age-­‐	   or	   time-­‐related	  
progression	   of	   the	   disease.	   Urine	   is	   of	   particular	   interest	   for	   investigating	   the	  
metabolic	   perturbations	   associated	   with	   metabolic	   syndrome	   due	   to	   the	   specific	  
biomarkers	  present,	  such	  as	  glucose	  and	  ketones	  in	  diabetes.	  In	  addition,	  urine	  has	  
been	   shown	   to	   be	   an	   important	   biological	   matrix	   in	   understanding	   variation	   in	  
functional	   intestinal	   microbiome-­‐host	   interaction,	   as	   urine	   contains	   observable	  
concentrations	   of	   several	   microbiota-­‐host	   co-­‐metabolites,	   such	   as	   methylamines,	  
indole	   derivatives,	   bile	   acids,	   and	   phenolic,	   benzoyl,	   and	   phenyl	   derivatives	  
(Nicholson,	   Holmes	   et	   al.	   2005;	   Holmes,	   Li	   et	   al.	   2011;	   Swann,	   Tuohy	   et	   al.	   2011;	  
Zheng,	   Xie	   et	   al.	   2011;	   Nicholson,	   Holmes	   et	   al.	   2012).	   This	   may	   be	   of	   particular	  
importance	  to	  studies	  concerning	  obesity,	  in	  light	  of	  findings	  relating	  to	  obesity-­‐	  and	  
nutritional-­‐related	  variation	   in	   the	   intestinal	  microbiota	   (Turnbaugh,	  Hamady	   et	  al.	  
2009;	  Murphy,	  Cotter	  et	  al.	  2010;	  Geurts,	   Lazarevic	  et	  al.	  2011;	   Jumpertz,	   Le	  et	  al.	  
2011).	  
	  
Plasma	   offers	   a	   different	   and	   complementary	   insight	   in	   to	   metabolic	   alterations,	  
compared	   to	   urine,	   as	   the	   blood	   is	   highly	   regulated	   by	   homeostasis.	   In	   addition,	  
plasma	   is	   particularly	   relevant	   for	   the	   study	   of	   obese	   Zucker	   rats	   due	   to	   the	  
development	  of	  dyslipidaemia	  in	  these	  animal	  models.	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Previous	   investigators	   have	   applied	   a	  metabonomic	   approach	   to	   the	   study	   of	   the	  
Zucker	   rat,	  with	  both	   1H	  NMR-­‐	   (Serkova,	   Jackman	   et	  al.	   2006;	  Williams,	   Lenz	   et	  al.	  
2006;	  Williams,	  Lenz	  et	  al.	  2006b;	  Salek,	  Maguire	  et	  al.	  2007;	  Waldram,	  Holmes	  et	  al.	  
2009;	   Zhao,	   Zhang	   et	   al.	   2010;	   Zhao,	   Zhang	   et	   al.	   2011)	   and	   MS-­‐based	   (Plumb,	  
Granger	  et	  al.	  2005;	  Major,	  Williams	  et	  al.	  2006;	  Granger,	  Williams	  et	  al.	  2007;	  Gika,	  
Theodoridis	  et	  al.	  2008;	  Thompson,	  Michopoulos	  et	  al.	  2011)	  analyses	  of	  urine	  and	  
plasma.	  The	  study	  described	  here	  presents	  a	  novel	  study	  design,	  with	  animal	  housing	  
specifically	  designed	  to	  explore	  the	  effect	  of	  mixed-­‐strain	  housing	  on	  the	  metabolic	  
profiles	   of	   obese	   and	   lean	   Zucker	   rats.	   The	   cage	  microenvironment	   has	   previously	  
been	  shown	  to	  be	  significant	  during	  recolonisation,	  following	  cessation	  of	  antibiotic	  
treatment,	   with	   a	   cage-­‐dependent	   effect	   observed	   in	   both	   fluorescence	   in	   situ	  
hybridization	   analysis	   of	   the	  microbiota,	   and	   1H	  NMR	   analysis	   of	   urine	  metabolite	  
profiles	  (Swann,	  Tuohy	  et	  al.	  2011).	  This	  design	  eliminates	  the	  potential	  confounding	  
factor	  introduced	  by	  housing	  the	  animals	  according	  to	  strain	  (Waldram,	  Holmes	  et	  al.	  
2009),	   such	   that	  metabolic	  profile	  differences	  observed	  between	  strains	  cannot	  be	  
attributed	  to	  cage	  environment.	  	  
	  
Previous	  studies	  have	  used	  Wistar	  rats	  as	  control	  animals	  (Williams,	  Lenz	  et	  al.	  2006;	  
Williams,	   Lenz	   et	   al.	   2006b),	   which	   introduced	   confounding	   factors.	   Here,	   both	  
homozygous	  and	  heterozygous	  lean	  Zucker	  rats	  were	  used	  as	  controls.	  	  Additionally,	  
the	  obese	   Zucker	   rats	   used	   in	   this	   study	  were	  not	   ‘Zucker	   diabetic	   rats’	   (ZDF	   rats)	  
(Peterson,	   Shaw	   et	   al.	   1990)	   and	   as	   such	   were	   pre-­‐diabetic	   at	   14	   weeks.	   This	  
potentially	  yields	  data	  more	  relevant	  to	  the	  ‘real	  world’,	  as	  normal	  obese	  Zucker	  rats	  
(as	  opposed	  to	  ZDF	  rats)	  show	  higher	  biological	  variation	  in	  their	  obese	  phenotypes,	  
compared	  to	  ZDF	  rats.	  Thus,	  this	  animal	  model	  is	  arguably	  a	  better	  model	  of	  the	  pre-­‐
diabetic	   obese	   human	   population,	   with	   certain	   individuals	   progressing	   to	   T2DM	  
more	   rapidly	   than	   others.	   Finally,	   the	   study	   presented	   here	   has	   utilised	   the	   latest	  
advanced	  statistical	  techniques,	  with	  OPLS	  and	  OPLS-­‐DA	  applied	  for	  the	  first	  time	  to	  
age-­‐related	   1H	  NMR	  data	   generated	   from	  urine	   samples	   during	   the	  progression	  of	  
obesity	  in	  the	  Zucker	  rat.	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3.5	   Materials	  and	  methods	  
	  
3.5.1	   Animals	  and	  sample	  collection	  
	  
Please	   see	   Materials	   and	   Methods	   chapter	   (Animals	   and	   sample	   collection)	   for	  
details	  of	  animal	  housing	  and	  sample	  collection.	  
	  
3.5.2	   Sample	  preparation	  	  
	  
Urine	   and	   plasma	   samples	   were	   prepared	   for	   1H	   NMR	   spectroscopic	   analysis	   as	  
described	  in	  the	  Materials	  and	  Methods	  chapter.	  
	  
3.5.3	   1H	  NMR	  spectroscopy	  	  
	  
3.5.3.1	   Urine	  
	  
Urine	   1H-­‐NMR	   spectra	   were	   acquired	   using	   a	   600	   MHz	   Bruker	   Avance	   DRX600	  
spectrometer	   (Rheinstetten,	  Germany)	  with	   a	   5mm	  TXI	   probe	   operating	   at	   600.13	  
MHz	  1H	  frequency.	  The	  field	  frequency	  was	  locked	  on	  D2O	  solvent.	  Samples	  were	  run	  
in	  automation	  mode	  using	  a	  Bruker	  Automatic	  Sample	  Changer	  (B-­‐ACS).	  A	  standard	  
one-­‐dimensional	   pulse	   sequence	   was	   used:	   RD-­‐90o-­‐t-­‐90o-­‐tm-­‐90o-­‐acquire	   free	  
induction	   decay	   (FID)	   [t	   =	   3	   μs].	   The	   water	   resonance	   was	   selectively	   irradiated	  
during	  the	  relaxation	  delay	  (RD)	  of	  2	  s	  and	  again	  during	  the	  mixing	  time	  (tm)	  of	  100	  
ms.	   The	  90o	  pulse	   length	  was	  adjusted	   to	  15.25	  μs	   and	   the	   temperature	  was	   kept	  
constant	  at	  300	  K.	  128	  scans	  were	  recorded	  into	  64k	  data	  points.	  
	  
3.5.3.2	   Plasma	  
	  
Plasma	   1H-­‐NMR	   spectra	   were	   acquired	   using	   a	   600	   MHz	   Bruker	   Avance	   III-­‐600	  
spectrometer	  (Rheinstetten,	  Germany)	  with	  a	  5mm	  TCI	  probe	  and	  CryoProbe	  system	  
operating	  at	  600.13	  MHz	  1H	  frequency.	  The	  plasma	  samples	  were	  analysed	  using	  a	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standard	  one-­‐dimensional	  pulse	  sequence,	  as	  with	  the	  urine,	  however	  the	  90o	  pulse	  
length	   was	   adjusted	   for	   each	   sample	   individually.	   The	   temperature	   was	   kept	  
constant	   at	   300	  K.	   The	  plasma	  was	  expected	   to	   contain	  high	   levels	   of	   lipoproteins	  
(especially	  the	  samples	  from	  (fa/fa)	  animals).	  These	  large	  molecules	  have	  shorter	  T2	  
relaxation	   times,	   and	   thus	   broader	   peaks,	   which	   can	   obscure	   resonances	   from	  
smaller	  molecules	  and	  hinder	  assignment	  of	  the	  molecules.	  Accordingly,	  two	  further	  
pulse	  sequences	  were	  used	  to	  acquire	  the	  plasma	  spectra,	  so	  as	  to	  provide	  a	  more	  
focussed	  analysis	  for	  the	  small	  molecules	  and	  macromolecules	  separately.	  	  
	  
The	   Carr-­‐Purcell-­‐Meiboom-­‐Gill	   (CPMG)	   spin-­‐echo	   sequence	   (RD-­‐90°-­‐(t-­‐180°-­‐t)n-­‐	  
acquire	  FID),	  with	  irradiation	  of	  the	  water	  peak	  during	  the	  RD,	  was	  used	  in	  order	  to	  
attenuate	   the	   broad	   signals	   from	   proteins	   and	   other	   high	   molecular	   weight	  
compounds	   (Carr	   and	  Purcell	   1954;	  Meiboom	  and	  Gill	   1958).	   In	   addition,	   the	  one-­‐
dimensional	   diffusion-­‐edited	   pulse	   sequence	   was	   employed	   in	   order	   to	   attenuate	  
the	   signals	   from	   small	   molecules,	   thus	   focusing	   on	   the	   macromolecules	   such	   as	  
lipoprotein	   moieties	   (RD-­‐90°-­‐G1-­‐180°-­‐G1-­‐90°-­‐G2-­‐T-­‐90°-­‐G1-­‐180°-­‐G1-­‐90°-­‐G2-­‐LED-­‐90°-­‐
acquire	   FID)	   [LED	   -­‐	   longitudinal	   eddy	   current	   delay	   –	   5	   ms].	   The	   LED	   sequence	  
decreases	   signal	  distortion	  by	  allowing	   the	  eddy	  currents	   in	   the	  metal	  parts	  of	   the	  
NMR	   spectrometer	   to	   decay	   before	   signal	   acquisition	   (Wu,	   Chen	   et	   al.	   1995;	   Liu,	  
Nicholson	   et	   al.	   1996).	   Specific	   details	   of	   the	   amplitude	   of	   the	   gradients	   used	   are	  
detailed	   in	   “Metabolic	   profiling,	   metabolomic	   and	   metabonomic	   procedures	   for	  
NMR	  spectroscopy	  of	  urine,	  plasma,	  serum	  and	  tissue	  extracts”	  (Beckonert,	  Keun	  et	  
al.	  2007).	  
3.5.4	   Data	  analysis	  	  	  
	  
The	   acquired	   urine	   1H	   NMR	   spectra	   were	   auto-­‐corrected	   for	   phase	   and	   baseline	  
distortions	   and	   also	   referenced	   to	   the	   internal	   standard,	   TSP,	   at	   δ0.0,	   using	   an	   in-­‐
house	   program,	   ‘NMRproc’,	   developed	   by	   Ebbels	   and	   Keun,	   Imperial	   College.	   The	  
plasma	  spectra	  were	  manually	  phase	  and	  baseline	  corrected,	  and	  referenced	  to	  the	  
α-­‐glucose	   doublet	   at	   δ	   5.223	   using	   XWINNMR	   (version	   3.1,	   Bruker).	   The	   spectra	  
were	   then	   exported	   into	   MATLAB	   (MathWorks)	   and	   digitised	   using	   a	   script	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developed	   in-­‐house.	   The	   spectral	   regions	   containing	   TSP,	   urea	   [δ	   4.6-­‐5.9]	   (urine	  
spectra	   only)	   and	   water	   [δ	   4.6-­‐5.2]	   resonances	   were	   excised.	   The	   spectra	   were	  
aligned	  using	  an	  in-­‐house	  algorithm	  to	  adjust	  for	  shifts	  in	  peak	  position	  in	  the	  spectra	  
due	   to	   small	   pH	   differences	   between	   samples	   (Veselkov,	   Lindon	   et	   al.	   2009).	   The	  
urine	   data	   were	   then	   normalised	   to	   the	   probabilistic	   quotient	   to	   partially	  
compensate	  for	  differences	  in	  urinary	  dilution	  (Dieterle,	  Ross	  et	  al.	  2006).	  The	  data	  
were	   then	   imported	   in	   to	  SIMCA	  11.5	   (Umetrics	  2006),	  where	  PCA	  was	  performed	  
(data	  were	  mean-­‐centred).	  OPLS-­‐DA	  and	  STOCSY	  were	  performed	  in	  MATLAB,	  using	  
a	  procedure	  developed	  in-­‐house	  (Cloarec,	  Dumas	  et	  al.	  2005);	  the	  OPLS-­‐DA	  models	  
were	   constructed	   using	   unit-­‐variance	   scaled	   and	   mean	   centred	   NMR	   data	   as	   the	  
descriptor	  matrix	  and	  class	  information	  as	  the	  response	  variable.	  
	  
Selected	  resonances	  were	  integrated	  using	  an	  in-­‐house	  script	  written	  by	  Dr	  R	  Cavill,	  
in	   order	   to	   calculate	   the	   relative	   concentration	   of	   specific	   metabolites.	   The	  
resonance	   to	   be	   integrated	   was	   selected	   based	   on	   intensity,	   lack	   of	   overlap	   with	  
other	   signals,	   and	   absence	   of	   variation	   in	   integral	   width	   and	   baseline	   between	  
samples,	   so	  as	  not	   to	   confound	   the	   relative	   spectral	   intensities	  obtained.	   This	  was	  
performed	   on	   normalised	   data	   to	   generate	   the	   relative	   spectral	   intensities	   of	  
metabolites.	   Univariate	   statistical	   analysis	   was	   performed	   on	   the	   integral	   values	  
using	  Graphpad	  Prism	  (GraphPad	  Software,	  San	  Diego,	  CA).	  The	  data	  were	  assessed	  
for	  normality	  using	  the	  Kolmogorov-­‐Smirnov	  test,	  with	  the	  Dallal-­‐Wilkinson-­‐Lilliefor	  
corrected	  P	  value.	  The	  differences	  between	  samples	  from	  differing	  time	  points	  were	  
assessed	  using	  one-­‐way	  ANOVA	  and	  the	  Bonferroni	  multiple	  comparisons	  test.	  
	  
A	   Bonferroni	   correction	   is	   recommended	   to	   address	   the	   problem	   of	   multiple	  
comparisons	  when	  applying	  univariate	   statistical	   analysis	   to	  multivariate	  data	   sets.	  
This	   correction	   is	   needed	   to	   maintain	   the	   false	   positive	   rate	   at	   5%.	   The	   most	  
conservative	  approach	  is	  to	  divide	  the	  alpha	  value	  of	  0.05	  used	  to	  evaluate	  p	  values,	  
by	  the	  number	  of	  tests	  performed.	  With	  NMR	  data,	  it	  has	  been	  recommended	  that	  
the	   alpha	   value	   is	   divided	   by	   the	   number	   of	   buckets	   (used	   to	   digitise	   the	   spectral	  
data)	   generated	   (Goodpaster,	   Romick-­‐Rosendale	   et	   al.	   2010).	   However,	   this	   is	   a	  
highly	  conservative	  approach	  and	  results	  in	  an	  extremely	  low	  adjusted	  p	  value	  (4.00	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x	   10-­‐6,	   for	   example),	   and	   with	   the	   reduced	   statistical	   power	   associated	   with	   the	  
relatively	   low	   sample	  numbers	  of	   classes	   considered	   in	   this	   study	   (n=6	  per	   strain),	  
this	  approach	  was	  not	  considered	  appropriate.	  In	  the	  results	  reported	  here,	  only	  five	  
targeted	   urinary	   metabolites	   were	   subjected	   to	   ANOVA	   analysis,	   and	   thus,	   the	  
adjusted	   p-­‐value	   cut	   off	   was	   calculated	   as	   0.01	   (0.05/5).	   Due	   to	   the	   limitations	  
mentioned,	   the	   statistical	   significance	   of	   the	   results	   here	   should	   be	   validated	  
externally	  to	  verify	  the	  observations.	  	  
3.6	   Results	  
3.6.1	   Animal	  weights	  
	  
The	  body	  weights	  of	  each	   individual	  animal	  are	   shown	   in	   figure	  11;	   there	  were	  no	  
prominent	   outliers.	   Nevertheless,	   an	   interesting	   observation	   was	   that	   of	   the	  
separation	   of	   the	   obese	   animal	   from	   cage	   one,	   from	   all	   other	   obese	   animals	   at	  
weeks	  12	  and	  14,	  gaining	  slightly	  less	  weight	  than	  the	  others,	  despite	  weighing	  more	  
than	  all	  the	  other	  obese	  animals	  at	  the	  beginning	  of	  the	  study.	  Figure	  12	  shows	  the	  
difference	  in	  mean	  weights	  for	  all	  three	  strains	  of	  Zucker	  rat	  pre-­‐study	  (at	  four	  weeks	  
of	  age)	  and	  throughout	  the	  study.	  It	  can	  be	  observed	  that	  by	  week	  6	  of	  the	  study,	  the	  
obese	  (fa/fa)	  animals	  were	  already	  significantly	  more	  overweight	  than	  both	  the	  lean	  
(+/+)	  (p	  <	  0.01)	  and	  lean	  (fa/+)	  (P	  <	  0.05)	  strains	  of	  Zucker	  rat.	  
	  
	  
Figure	  11:	  Body	  weights	  for	  each	  animal	  at	  4	  weeks	  (pre-­‐study)	  and	  at	  every	  urine	  sample	  collection	  point	  (weeks	  
5	   to	  14)	   for	   (A)	  Obese	   (fa/fa)	  animals,	   (B)	   lean	   (+/+)	  animals	  and	   (C)	   lean	   (fa/+)	  animals.	  Colour	  of	  data	  points	  
indicates	  cage	  number	  of	  the	  animal.	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Figure	  12:	  Body	  weights	  for	  each	  strain	  at	  each	  week	  including	  pre-­‐study	  (at	  four	  weeks	  for	  age),	  data	  expressed	  
as	  mean	  ±	  standard	  error	  of	   the	  mean.	  Asterisks	   indicate	  significant	  differences	   (one-­‐way	  ANOVA,	   followed	  by	  
Tukey-­‐Kramer	  multiple	  comparisons	  test,	  *	  P	  <	  0.05;	  **	  P	  <	  0.01;	  ***	  P<	  0.001;	  ****	  P	  <	  0.0001.	  Green	  asterisks	  
relate	  to	  the	  comparison	  of	  (fa/fa)	  and	  (+/+);	  red	  asterisks	  relate	  to	  the	  comparison	  of	  (fa/fa)	  and	  (fa/+).	  	  
	  
	  
3.6.2	   1H	  NMR	  spectroscopy	  of	  urine	  
	  
Typical	  1H	  NMR	  spectra	  of	  urine	  samples	  from	  each	  Zucker	  strain	  at	  14	  weeks	  of	  age	  
are	   shown	   in	   figure	   13;	   creatinine,	   hippurate,	   taurine,	   trimethylamine-­‐N-­‐oxide	  
(TMAO)	   and	   citrate	   were	   dominant	   molecular	   species,	   consistent	   with	   previous	  
published	  1H	  NMR	  studies	  in	  Zucker	  rats	  (Williams,	  Lenz	  et	  al.	  2005;	  Williams,	  Lenz	  et	  
al.	  2005b;	  Williams,	  Lenz	  et	  al.	  2006;	  Waldram,	  Holmes	  et	  al.	  2009).	  Visual	  inspection	  
of	  the	  spectra	   indicated	  that	  by	  14	  weeks	  of	  age,	  the	  urine	  sample	  from	  the	  obese	  
animals	  contained	  higher	  amounts	  of	  2-­‐oxoglutarate	  and	  citrate,	  and	  lower	  amounts	  
of	  allantoin	  and	  creatinine,	  compared	  with	  the	  two	  lean	  strains.	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Figure	  13:	  Typical	  urinary	  1H	  NMR	  spectra	  for	  each	  Zucker	  strain	  at	  14	  weeks;	  the	  frequency	  ranges	  containing	  
the	   water	   [δ4.6-­‐5.2]	   and	   urea	   [δ4.6-­‐5.9]	   resonances	   have	   been	   removed.	   1,	   Alanine;	   2,	   Acetate;	   3,	  N-­‐acetyl	  
glycoprotein	   fragments;	   4,	   Succinate;	   5,	   2-­‐oxoglutarate;	   6,	   Citrate;	   7,	   Methylamine;	   8,	   Dimethylamine;	   9,	  
Dimethylglycine;	  10,	  Creatinine;	  11,	  cis	  Aconitate;	  12,	  Taurine;	  13,	  Trimethylamine-­‐N-­‐oxide;	  14,	  Guanidoacetate;	  
15,	   Hippurate;	   16,	   Allantoin;	   17,	   Fumarate;	   18,	   Indoxyl	   sulphate;	   19,	   Phenylacetylglycine;	   20,	   Formate;	   21,	  N-­‐
methylnicotinamide.	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3.6.3	   PCA	  modelling	  of	  1H	  NMR	  urine	  spectral	  data	  
	  
Initially,	   PCA	   was	   used	   to	   model	   the	   urinary	   1H	   NMR	   spectral	   data	   and	   clearly	  
discriminated	   between	   the	   lean	   and	   obese	   phenotypes	   across	   all	   time	   points	  
throughout	   the	   study	   (Figure	   14).	   No	   distinct	   separation	   between	   the	   two	   lean	  
strains	   was	   apparent.	   The	   loadings	   indicated	   that	   overall,	   the	   samples	   from	   the	  
obese	  animals	  contained	  higher	  amounts	  of	  taurine,	  2-­‐oxoglutarate	  and	  citrate,	  and	  
lower	  amounts	  of	  creatinine,	  allantoin	  and	  hippurate	  compared	  to	  the	  lean	  animals.	  
However,	   this	   is	  only	  a	  broad	  overview	  of	   the	  data	  and	  gives	  us	  a	  very	  generalised	  
interpretation	  of	  the	  phenotype-­‐associated	  differences.	  In	  order	  to	  fully	  understand	  
the	   phenotype,	   age	   and	   cage-­‐related	   variation,	   further	  modelling	   of	   the	   data	  was	  
performed.	  
	  
A	  few	  samples	  from	  obese	  animals	  taken	  at	  weeks	  11,	  12,	  13	  and	  14	  clustered	  with	  
the	  lean	  samples	  (in	  the	  lower	  left	  quarter	  of	  the	  scores	  plot).	  These	  samples	  were	  
found	  to	  be	  from	  the	  obese	  rat	  from	  cage	  one.	  Interestingly,	  this	  animal	  began	  the	  
study	  weighing	  more	  than	  the	  other	  obese	  animals,	  but	  weighed	  the	  least	  out	  of	  all	  
the	  obese	  animals	  at	   the	  end	  of	   the	  study	   (figure	  11).	  A	  pseudo	  three-­‐dimensional	  
PCA	   scores	   plot	   showing	   principal	   components	   1,	   2	   and	   3,	   revealed	   that	   these	  
samples	  did	  not	  cluster	  with	  the	  samples	  from	  lean	  animals	  in	  the	  third	  component,	  
and	  were	  separate	  from	  the	  majority	  of	  obese	  samples	  (figure	  15).	  This	  animal	  can	  
therefore	  be	  considered	  an	  outlier	  in	  terms	  of	  its	  phenotype.	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Figure	  14:	  Top	  figure:	  PCA	  scores	  plot	  generated	  using	  urinary	  1H	  NMR	  data	  from	  all	  animals	  at	  all	  sample	  time	  
points	  (the	  numbers	  shown	  indicate	  the	  week	  of	  the	  sample	  collection).	  	  
	  
Figure	   15:	  Pseudo	   three-­‐dimensional	   PCA	   scores	   plot	   of	   all	   urinary	   1H	  NMR	  data	   (all	   sample	   time	  points);	   R2=	  
0.763,	  Q2=0.744.	  The	  data	  points	  within	  the	  red	  circle	  represent	  samples	  collected	  from	  the	  Zucker	  obese	  animal	  
from	  cage	  one	  at	  weeks	  9,	  10,	  11,	  12,	  13	  and	  14.	  
	  
The	   obese	   rat	   from	   cage	   one	   was	   further	   investigated	   by	   comparing	   the	   urinary	  
metabolic	   trajectories	  of	  all	   the	  obese	  animals,	  as	   shown	   in	   the	  PCA	  scores	  plot	   in	  
figure	  16.	  The	  rat	  from	  cage	  one	  had	  a	  noticeably	  different	  urinary	  metabolite	  profile	  
from	  nine	  weeks	  of	  age,	  which	  diverged	  further	  from	  the	  other	  (fa/fa)	  animals	  as	  the	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study	   progressed.	   The	   loadings	   from	   this	   plot	   indicated	   that	   as	   the	   obese	   animals	  
aged,	   they	   excreted	   lower	   amounts	   of	   allantoin,	   2-­‐oxoglutarate,	   citrate	   and	  
succinate.	   The	   loadings	   underlying	   the	   scores	   for	   the	  obese	   animal	   from	   cage	  one	  
indicated	  that	  by	  week	  14	   the	  animal	  excreted	  much	   less	   taurine	  compared	  to	   the	  
other	   (fa/fa)	   animals,	   and	   also	   less	   creatinine	   and	   allantoin.	   Evidence	   of	   this	   can	  
clearly	   be	   seen	   when	   visually	   examining	   the	   urinary	   1H	   NMR	   spectra	   of	   all	   obese	  
(fa/fa)	  animals	  (figure	  17).	  
	  
Figure	  16:	   PCA	   scores	  plot	   generated	   from	  urinary	   1H	  NMR	  data	   from	  each	  obese	  animal	   from	  cages	  1-­‐6.	   The	  
numbers	  shown	  indicate	  the	  week	  of	  the	  sample	  collection.	  	  
	  
	  
Figure	  17:	  Three	  frequency	  ranges	  of	  urinary	  1H	  NMR	  spectra	  from	  each	  Zucker	  obese	  (fa/fa)	  sample	  collected	  at	  
week	  14,	   illustrating	  the	  difference	  in	  allantoin	  (16),	  creatinine	  (10)	  and	  taurine	  (12)	  between	  the	  outlier	  obese	  
(fa/fa)	  animal	  from	  cage	  one	  (in	  red)	  and	  the	  other	  obese	  (fa/fa)	  animals.	  	  
	  
PCA	  scores	  plots	  were	  created	  for	  individual	  sample	  time	  points	  (four	  examples	  are	  
included	   in	   figure	   18	   showing	  weeks	   5,	   7	   and	   9	   and	   14)	   to	   further	   investigate	   the	  
variation	   associated	   with	   the	   three	   different	   strains,	   and	   also	   to	   aid	   comparisons	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with	  previous	  studies	  in	  which	  there	  was	  only	  one	  sample	  time	  point	  (Williams,	  Lenz	  
et	  al.	  2006b;	  Waldram,	  Holmes	  et	  al.	  2009).	  Although	  the	  clustering	  appeared	  to	  be	  
less	  compelling	  than	  that	  shown	  in	  figure	  14,	  due	  to	  the	  reduced	  number	  of	  samples	  
in	  the	  models,	  there	  was	  separation	  between	  the	  two	  phenotypes	  in	  each	  example.	  
It	  was	  also	  noticeable	  that	  the	  obese	  sample	  from	  cage	  one	  had	  separated	  from	  the	  
other	  obese	  samples	  by	  week	  nine,	  and	  had	  become	  an	  outlier	  by	  week	  14.	  
	  
Lean	   (fa/+)	   and	   (+/+)	   animals	   from	   within	   the	   same	   cage,	   which	   were	   closely	  
positioned	   in	  the	  scores	  plot,	  have	  been	  circled	   in	  order	  to	   illustrate	  the	  possibility	  
that	   animals	  which	   inhabited	   the	   same	   cage	   had	   similar	   urinary	   profiles.	   Only	   the	  
lean	   cage	   inhabitants	   have	   been	   circled,	   as	   it	   was	   clear	   that	   the	   difference	   in	  
phenotype	   was	   a	   much	   higher	   source	   of	   variance	   compared	   to	   cage-­‐associated	  
variation.	  When	  PCA	  was	  performed	  on	  just	  the	  lean	  (+/+)	  and	  (fa/+)	  samples	  alone,	  
it	   was	   difficult	   to	   interpret	   whether	   the	   animals	   from	  within	   the	   same	   cages	   had	  
similar	   metabolite	   profiles.	   As	   there	   were	   only	   two	   animals	   from	   each	   cage	   to	  
compare,	   any	   possible	   cage-­‐clustering	   effect	  may	   have	   been	   due	   to	   chance	   alone	  
(see	  appendix,	  figure	  88).	  
	  
Interpretation	  of	  the	  loadings	  for	  the	  PCA	  models	  constructed	  from	  1H	  NMR	  urinary	  
spectra	   from	   individual	   time	   points	   showed	   that	   at	   week	   5,	   the	   obese	   animals	  
excreted	  higher	  amounts	  of	  taurine	  and	  2-­‐oxoglutarate,	  and,	  less	  prominently,	  lower	  
amounts	  of	  creatinine	  and	  allantoin,	  compared	  to	  the	   lean	  animals.	  At	  week	  7,	  the	  
obese	   animals	   excreted	   higher	   amounts	   of	   taurine	   and	   citrate,	   and,	   again,	   lower	  
amounts	  of	   creatinine.	  The	  most	   significant	  metabolites	  underlying	   the	  phenotypic	  
variation	  in	  the	  model	  were	  the	  same	  at	  week	  9	  as	  they	  were	  at	  week	  7.	  At	  week	  14,	  
the	  obese	  animals	  excreted	  slightly	  higher	  amounts	  of	  citrate,	  and	  lower	  amounts	  of	  
creatinine	   and	   allantoin,	   compared	   to	   the	   lean	   animals.	   Taurine	   was	   no	   longer	  
important	   for	   discriminating	   between	   the	   two	   phenotypes.	   A	   summary	   of	   the	  
differences	   in	  metabolites	   between	   the	   two	  phenotypes	   at	  week	  5,	   7,	   9	   and	  14	   is	  
given	  in	  Table	  5	  (appendix).	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Figure	  18:	  PCA	  scores	  plots	  of	  urinary	  1H	  NMR	  data	  for	  each	  animal	  at	  different	  sample	  collection	  time	  points:	  A,	  
week	  5;	  B,	  week	  7;	  C,	  week	  9	  and	  D,	  week	  14.	  The	  strain	  of	  the	  animal	   is	   indicated	  by	  colour	  and	  the	  numbers	  
shown	   indicate	   the	   cage	  number.	   Lean	   (fa/+)	   and	   (+/+)	   animals	   from	  within	   the	   same	   cage,	  which	   are	   closely	  
positioned	   in	   the	   scores	   plot,	   have	   been	   circled.	   Please	   refer	   to	   table	   4	   in	   the	   appendix	   for	   a	   list	   of	   missing	  
samples.	  
	  
In	   order	   to	   further	   explore	   how	   the	   urinary	   metabolite	   profiles	   of	   the	   animals	  
changed	  with	   time,	   PCA	   scores	   plots	   of	   each	   cage,	   containing	   one	   animal	   of	   each	  
strain,	  were	   constructed	   (figure	   19).	   The	   first	   samples	   taken	   at	  week	   five	   from	   all	  
three	  strains	  appeared	  relatively	  close	  to	  each	  other	  in	  the	  model	  scores,	  especially	  
in	  the	  case	  of	  cages	  one	  and	  three.	  The	  metabolic	  trajectories	  of	  the	  lean	  and	  obese	  
phenotypes	   then	   separated	   from	  week	   six	  onwards,	  with	   separation	   in	   the	   second	  
principal	   component,	   indicating	   that	   the	   composition	   of	   the	   urine	   samples	   from	  
obese	  and	  lean	  animals	  differed	  increasingly	  as	  the	  study	  progressed.	  The	  two	  lean	  
phenotypes,	  (fa/+)	  and	  (+/+),	  however,	  appeared	  to	  follow	  a	  very	  similar	  metabolic	  
trajectory,	   suggesting	   that	   similar	   age-­‐related	   compositional	   changes	   occurred	   in	  
these	  samples.	  Cage	  six	  was	  an	  exception	  to	  this	   latter	  observation,	  although	  there	  
were	   nine	   samples	  missing	   from	   this	   cage	   (appendix,	   table	   4),	   as	   no	   urine	   sample	  
could	   be	   collected	   from	   the	   animals	   on	   these	   days,	   which	   greatly	   impacted	   the	  
interpretation	   of	   this	   model,	   due	   to	   the	   gaps	   in	   age-­‐related	   information	   that	   this	  
caused.	   The	   loadings	   plots	   were	   interpreted	   to	   investigate	   age-­‐related	   changes	  
specific	   to	   the	   two	  phenotypes.	   As	   the	   two	   lean	   phenotypes	   aged,	   the	   amount	   of	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allantoin	   excreted	   decreased,	   as	   did	   2-­‐oxoglutarate	   and	   hippurate,	   although	   less	  
prominently.	  The	  amounts	  of	  creatinine	  and	  taurine	  excreted	  increased	  as	  the	   lean	  
rats	   aged.	   As	   the	   obese	   animals	   aged,	   the	   amount	   of	   2-­‐oxoglutarate	   excreted	  
decreased,	  and	  taurine	   increased.	  The	   loadings	  differed	   for	   the	   (fa/fa)	  animal	   from	  
cage	  one;	  the	  amount	  of	  taurine	  and	  creatinine	  excreted	  decreased	  considerably	  as	  
the	  animal	  aged,	   as	  well	   as	  a	  decrease	   in	   the	  excretion	  of	   succinate	  and	  allantoin.	  
The	   loadings	   indicated	   that	   all	   animals	   excreted	   lower	   amounts	   of	   citrate	   as	   they	  
aged.	  
	  
Figure	  19:	  PCA	  scores	  plots	  of	  urinary	  1H	  NMR	  data	  for	  each	  individual	  cage	  1-­‐6	  (number	  of	  cage	  shown	  in	  bold	  to	  
the	  left	  of	  the	  plots).	  The	  strain	  of	  the	  animals	  is	  indicated	  by	  colour	  and	  the	  numbers	  shown	  indicate	  the	  week	  of	  
the	  sample	  collection.	  	  The	  sample	  from	  the	  (fa/+)	  animal	  in	  cage	  4	  at	  week	  6	  was	  removed	  as	  an	  outlier	  due	  to	  a	  
poorly	  resolved	  peak	  at	  3.90	  ppm,	  which	  skewed	  the	  model.	  Please	  refer	  to	  table	  4	   in	  the	  appendix	  for	  a	  list	  of	  
missing	  samples.	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3.6.4	   OPLS	  and	  OPLS-­‐DA	  modelling	  of	  1H	  NMR	  urine	  spectral	  data	  
	  
OPLS	  and	  OPLS-­‐DA	  models	  were	  constructed	  from	  the	  urinary	  1H	  NMR	  spectral	  data	  
in	  order	   to	   gain	   a	  more	  detailed	  understanding	  of	   the	   age-­‐,	   phenotype-­‐	   and	   cage-­‐
associated	  variation	  in	  urinary	  metabolites.	  As	  well	  as	  specifically	  looking	  at	  a	  chosen	  
source	   of	   variation,	   the	   supervised	   multivariate	   statistical	   analyses	   applied	   to	   the	  
urinary	   spectral	   data	   were	   also	   useful	   in	   aiding	   the	   assignment	   of	   discriminatory	  
metabolites,	   as	   overlapping	   peaks,	   such	   as	   TMAO	   and	   taurine,	   complicate	   the	  
interpretation	  of	  PCA	  loadings.	  
	  
3.6.4.1	   Age-­‐associated	  variation	  in	  urinary	  metabolite	  profiles	  
	  
Initially,	   to	   give	   an	   overview	   of	   the	   age-­‐related	   variation	   in	   the	   urine	   metabolite	  
profiles,	   an	   OPLS	   model	   was	   created	   using	   samples	   from	   all	   animals	   at	   all	   time	  
points,	   with	   age	   as	   the	   Y	   predictor	   (figure	   20).	   A	   clear	   age-­‐related	   trend	   was	  
observed	   in	   the	  predictive	   component	  of	   the	   cross-­‐validated	   scores,	  with	  variation	  
associated	  within	  the	  obese	  samples	  observed	  in	  the	  latter	  time	  points	  of	  the	  study	  
in	  the	  orthogonal	  component	  of	  the	  scores.	  The	  loadings	  indicated	  that	  for	  all	  three	  
strains	  of	  Zucker	  rat,	  the	  broad	  age	  associated	  changes	  that	  occurred	  throughout	  the	  
study	  were:	  an	  increase	  in	  the	  excretion	  of	  taurine	  and	  creatinine,	  and	  a	  decrease	  in	  
the	  excretion	  of	   fumarate,	  allantoin,	  2-­‐oxoglutarate,	  DMG,	  citrate,	  succinate,	  and	  a	  
slight	  age-­‐related	  decrease	  in	  hippurate	  excretion.	  
	  
However,	   the	   correlation	   coefficient	   is	   represented	   in	   the	   loadings	   as	   a	   linear	  
correlation,	   and	   thus	   direct	   interpretation	   assumes	   that	   the	   change	   in	  metabolite	  
concentration	  with	   age	   is	   linear,	   and	   so	   not	   all	   information	   is	   captured,	   thus	   non-­‐
linear	   age-­‐associated	   variation	   may	   be	   represented	   by	   a	   weaker	   correlation	  
coefficient.	  This	  model	  also	  captures	  variation	  associated	  with	  all	  three	  strains,	  and	  
so	   differences	   in	   the	   nature	   of	   age-­‐associated	   excretion	   between	   the	   different	  
phenotypes	  are	  also	  not	  clearly	  described	  by	  this	  model.	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To	   obtain	   a	   more	   detailed	   understanding	   of	   age-­‐related	   changes	   in	   urinary	  
metabolites	   for	   both	   the	   lean	   and	   obese	   phenotypes,	   pair-­‐wise	   OPLS-­‐DA	   models	  
were	   constructed	   for	   each	   genotype	   comparison:	   (+/+)	   versus	   (fa/+),	   (+/+)	   versus	  
(fa/fa)	  and	  (fa/+)	  versus	  (fa/fa).	  	  
	  
To	   begin	   with,	   OPLS-­‐DA	   models	   were	   constructed	   comparing	   the	   two	   lean	  
phenotypes,	   (fa/+)	   and	   (+/+).	   	   Consistent	   with	   the	   PCA	   models	   constructed,	   the	  
OPLS-­‐DA	   models	   indicated	   that	   there	   were	   no	   obvious	   differences	   in	   urinary	  
metabolite	  profiles	  between	  the	  two	  lean	  strains.	  The	  predictive	  value	  of	  the	  models,	  
based	   on	   permutation	   testing,	   was	   not	   judged	   to	   be	   robust.	   Additionally,	   the	  
samples	   from	   differing	   lean	   strains	   were	   found	   to	   overlap	   in	   the	   predictive	  
component	  of	  the	  scores	   (appendix;	   figure	  89,	  A;	   figure	  90,	  A),	  and	  the	   loadings	  of	  
the	  models	   indicated	   that	   there	  were	  only	   subtle	  differences	   in	  a	   small	  number	  of	  
metabolites	   (appendix;	   figure	   89,	   B;	   figure	   90,	   B).	   Due	   to	   the	   similarity	   in	   urinary	  
metabolite	   profiles	   of	   the	   lean	   strains	   of	   Zucker	   rat,	   the	   supervised	   multivariate	  
statistical	  analysis	  of	  the	  urine	  samples	  is	  focused	  on	  comparison	  of	  the	  obese	  (fa/fa)	  
and	  lean	  (+/+)	  animals.	  
	  
3.6.4.1	   Age-­‐associated	  variation:	  homozygous	  lean	  animals	  
	  
To	  give	  a	  preliminary	  overview,	  OPLS-­‐DA	  models	  comparing	  samples	  from	  lean	  (+/+)	  
animals	  at	   the	  beginning	  of	   the	   study	   (week	   five)	  and	  end	  of	   the	   study	   (week	  14),	  
were	   constructed	   in	   order	   to	   gain	   a	   better	   understanding	   of	   the	   variation	   in	  
excretion	   of	   metabolites	   by	   the	   lean	   animals	   over	   this	   period.	   Additionally,	   to	  
capture	   non-­‐linear	   age-­‐associated	   variation	   in	   metabolite	   concentrations,	   models	  
comparing	   samples	   from	  week	   five	   with	   samples	   from	   each	   time	   point	   were	   also	  
constructed.	  Pair-­‐wise	  OPLS-­‐DA	  models	   constructed	   from	  samples	   from	  weeks	   five	  
and	   eight,	   and	  weeks	   five	   and	   fourteen	   have	   been	   included	   here	   to	   give	   a	   broad	  
overview	  of	  age-­‐related	  metabolite	  changes	  (figure	  21).	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Figure	  20:	  OPLS	  model	  generated	  from	  1H	  NMR	  spectra	  of	  urine	  samples	  collected	  from	  all	  animals	  at	  all	  ages	  of	  
the	   study	   (weeks	   5	   to	   14),	   using	   age	   as	   the	   Y	   predictor	   (one	   predictive	   component	   plus	   five	   orthogonal	  
components;	   R2Y	   =	   0.981,	   Q2Y	   =	   0.899,	   R2X	   =	   0.451).	   A	   and	   B:	   Cross-­‐validated	   scores	   plots	   demonstrating	  
variation	  relating	  to	  the	  Y	  predictor	   (age)	   in	   the	  predictive	  component	   (Tcv	  1)	  and	  variation	  unrelated	  to	  the	  Y	  
predictor	  in	  the	  orthogonal	  component	  (TYosc	  1);	  sample	  data	  points	  coloured	  by	  age	  (A),	  and	  genotype	  (B).	  C:	  
Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   4,	   Succinate;	   5,	   2-­‐oxoglutarate;	   6,	   Citrate;	   9,	  
Dimethylglycine;	  10,	  Creatinine;	  12,	  Taurine;	  15,	  Hippurate;	  16,	  Allantoin;	  17,	  Fumarate.	  
	  
The	   models	   were	   created	   such	   that	   peaks	   pointing	   upwards	   positively	   correlated	  
with	   samples	   collected	   at	   week	   five,	   and	   peaks	   pointing	   downwards	   positively	  
correlated	  with	  the	  samples	  collected	  at	  the	  latter	  time	  point	  in	  the	  study.	  Therefore,	  
a	  peak	  pointing	  upwards	  would	  indicate	  that	  the	  metabolite	  was	  higher	  in	  the	  week	  
five	  samples,	  suggesting	  that	  the	  metabolite	  had	  decreased	  with	  time.	  This	  applies	  to	  
all	   the	   OPLS-­‐DA	   models	   shown	   here	   that	   have	   been	   created	   to	   compare	   urinary	  
metabolite	  profiles	  from	  the	  same	  strain	  at	  different	  time	  points	  in	  the	  study.	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The	  most	  significant	  age-­‐related	  changes	  in	  the	  lean	  (+/+)	  animals	  were	  an	  increase	  
in	  creatinine	  and	  taurine,	  and	  a	  decrease	  in	  citrate.	   In	  addition,	  fumarate,	  allantoin	  
and	   2-­‐oxoglutarate	   decreased	   as	   the	   study	   progressed.	   These	   results	   are	   in	  
agreement	  with	   the	   interpretation	   of	   the	   loadings	   from	   the	   PCA	   trajectory	   scores	  
plots	   in	   figure	   19.	   Refer	   to	   table	   6	   (appendix)	   for	   a	   summary	   of	   the	   age-­‐related	  
changes	  specific	  to	  the	  lean	  (+/+)	  animals.	  
	  
	  
Figure	  21:	  OPLS-­‐DA	  coefficient	  plots	  generated	  from	  the	  urinary	  1H	  NMR	  spectra	  of	  samples	  collected	  
from:	  (A)	   lean	  (+/+)	  animals	  at	  week	  5	  and	  week	  8	  (R2Y	  =	  0.9985;	  Q2Y	  =	  0.9301;	  one	  orthogonal	  and	  
one	  predictive	  component);	  and	  (B)	   lean	  (+/+)	  animals	  at	  week	  5	  and	  week	  14	  (R2Y	  =	  0.9976;	  Q2Y	  =	  
0.9645;	   one	   orthogonal	   and	   one	   predictive	   component).	   The	   colour	   of	   each	   variable	   relates	   to	   the	  
significance	   it	   has	   for	   class	   discrimination.	   The	   scores	   plot	   for	   each	   model	   is	   shown	   beneath	   the	  
corresponding	  loadings	  coefficient	  plot,	  the	  numerical	  values	  shown	  within	  the	  scores	  plots	  represent	  
the	   cage	   number	   of	   the	   animal.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   4,	   Succinate;	   5,	   2-­‐oxoglutarate;	   6,	  
Citrate;	  9,	  Dimethylglycine;	  10,	  Creatinine;	  11,	  cis-­‐aconitate;	  12,	  Taurine;	  15,	  Hippurate;	  16,	  Allantoin;	  
17,	  Fumarate;	  18,	  Indoxyl	  sulphate;	  21,	  N-­‐methylnicotinamide.	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A	   key	   finding	   from	   constructing	   models	   comparing	   the	   samples	   collected	   at	   the	  
beginning	  of	   the	  study	  with	  samples	   from	  each	  successive	  week,	  was	   the	  dramatic	  
change	   in	   the	   amount	   of	   hippurate,	   phenylacetylglycine	   (PAG)	   and	   3-­‐
hydroxyphenylpropionic	   acid	   (3-­‐HPPA)	   excreted	   by	   the	   lean	   animals	   at	   week	   nine	  
(figure	  22).	  The	  model	   identified	  a	  significant	  decrease	   in	   the	  amount	  of	  hippurate	  
excreted	  at	  week	  nine	  and	  an	  increase	  in	  PAG	  and	  3-­‐HPPA.	  These	  changes	  appear	  to	  
have	   been	   transient	   as	   the	   comparison	   of	   week	   five	   and	   week	   ten	   samples	   are	  
comparable	   to	   that	  of	  week	   five	  and	  eight	   (figure	  21,	  A).	  However,	   the	  model	  was	  
particularly	  strong	  based	  on	  the	  Q2Y	  value	  of	  0.96,	  indicating	  that	  the	  effect	  was	  not	  
an	  analytical	  artefact	  or	  chance	  result.	  
	  
Figure	  22:	  An	  OPLS-­‐DA	  coefficient	  plot	   generated	   from	   the	  urinary	   1H	  NMR	  spectra	  of	   samples	   collected	   from	  
lean	   (+/+)	   animals	   at	   week	   5	   and	   week	   9	   (R2Y	   =	   0.9978;	   Q2Y	   =	   0.9615;	   one	   orthogonal	   and	   one	   predictive	  
component).	  15,	  Hippurate;	  17,	  Fumarate;	  19,	  Phenylacetylglycine;	  22,	  3-­‐HPPA	  (3-­‐hydroxyphenylpropionic	  acid).	  
	  
3.6.4.2	   Age-­‐associated	  variation:	  homozygous	  obese	  animals	  
	  
As	  with	  the	   lean	  (+/+)	  animals,	  pair-­‐wise	  OPLS-­‐DA	  models	  comparing	  samples	  from	  
week	   five	  with	   samples	   from	   each	   successive	  week,	  were	   constructed	   in	   order	   to	  
investigate	  how	  the	  excretion	  of	  metabolites	  by	  the	  obese	  (fa/fa)	  animals	  varied	  as	  
the	  study	  progressed	  and	  the	  animals	  became	  progressively	  obese	  (figure	  23).	  	  
	  
The	  most	   significant	   age-­‐related	   changes	   in	   the	   obese	   animals	   were	   decreases	   in	  
hippurate,	   fumarate,	   allantoin,	   2-­‐oxoglutarate,	   citrate	   and	   succinate	   (figure	   23).	  
Refer	  to	  table	  7	  (appendix)	  for	  a	  summary	  of	  the	  age-­‐related	  changes	  specific	  to	  the	  
obese	   (fa/fa)	   animals.	   The	  pair-­‐wise	  OPLS-­‐DA	  models	   constructed	   comparing	  week	  
five	  with	  each	  successive	  week	  indicated	  that	  the	  amount	  of	  taurine	  excreted	  by	  the	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(fa/fa)	  animals	  varied	  in	  a	  non-­‐linear	  fashion.	  Taurine	  excretion	  appeared	  to	  increase	  
from	  weeks	   five	   to	   ten,	   and	   then	   decrease	   from	  weeks	   11	   to	   14.	   The	   age-­‐related	  
pattern	  of	   taurine	  excretion	   in	   the	  obese	   (fa/fa),	  and	  also	  the	   lean	   (fa/+)	  and	   (+/+)	  
animals,	   was	   further	   investigated	   by	   integrating	   the	   taurine	   triplet	   at	   δ3.34	  
(appendix,	  figure	  91),	  clearly	  demonstrating	  the	  initial	  age-­‐related	  increase	  in	  taurine	  
excretion,	  following	  an	  age-­‐related	  decrease	  from	  11	  weeks	  onwards.	  Additionally,	  in	  
agreement	   with	   the	   loadings	   from	   the	   PCA	   model	   generated	   from	   all	   the	   obese	  
animals	   (figure	  16),	   the	  analysis	  of	   the	  AUC	  of	   the	  taurine	  triplet	  at	  δ3.34	   for	  each	  
individual	   obese	   animal,	   demonstrated	   a	   far	  more	   prominent	   reduction	   in	   taurine	  
excretion	   in	   the	   obese	   animal	   from	   cage	   one,	   compared	   with	   the	   other	   obese	  
animals	  (appendix,	  figure	  92).	  
	  
Figure	  23:	  OPLS-­‐DA	  coefficient	  plots	  generated	  from	  the	  urinary	  1H	  NMR	  spectra	  of	  
samples	   collected	   from:	   (A)	   obese	   (fa/fa)	   animals	   at	   week	   5	   and	   week	   8	   (R2Y	   =	  
0.9992;	  Q2Y	  =	  0.9359;	  two	  orthogonal	  and	  one	  predictive	  component);	  and	  (B)	  obese	  
(fa/fa)	  animals	  at	  week	  5	  and	  week	  14	  (R2Y	  =	  0.9995;	  Q2Y	  =	  0.9354;	  two	  orthogonal	  
and	  one	  predictive	   component).	   The	   scores	  plot	   for	  each	  model	   is	   shown	  beneath	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the	  corresponding	   loadings	  coefficient	  plot,	   the	  numerical	  values	  shown	  within	  the	  
scores	   plots	   represent	   the	   cage	   number	   of	   the	   animal.	   OPLS-­‐DA	   coefficient	   plot	  
labels:	  	  4,	  Succinate;	  5,	  2-­‐oxoglutarate;	  6,	  Citrate;	  9,	  Dimethylglycine;	  12,	  Taurine;	  13,	  
Trimethylamine-­‐N-­‐oxide;	   14,	   Guanidoacetate;	   15,	   Hippurate;	   16,	   Allantoin;	   17,	  
Fumarate.	  
3.6.5	   Phenotype-­‐associated	  variation	  in	  urinary	  metabolite	  profiles	  
	  
Pair-­‐wise	   OPLS-­‐DA	   models	   comparing	   samples	   from	   obese	   (fa/fa)	   and	   lean	   (+/+)	  
animals	   at	   each	   sample	   collection	  point	  of	   the	   study	  were	   constructed	   in	  order	   to	  
gain	   an	   understanding	   of	   the	   detailed	   phenotype-­‐associated	   variation	   in	   urinary	  
metabolites	  the	  study	  progressed	  (four	  examples	  of	  these	  models	  at	  weeks	  5	  and	  8,	  
and	   12	   and	   14,	   are	   shown	   in	   figures	   24	   and	   25,	   respectively).	   The	   models	   were	  
created	   such	   that	   peaks	   pointing	   upwards	   positively	   correlate	   with	   samples	   from	  
lean	   (+/+)	   animals,	   and	   peaks	   pointing	   downwards	   positively	   correlate	   with	   the	  
samples	  from	  obese	  (fa/fa)	  animals.	  The	  predictive	  component	  of	  the	  cross-­‐validated	  
scores	  for	  each	  model	  has	  been	  included	  to	  illustrate	  the	  variation	  in	  the	  predictive	  
component,	  describing	  the	  between-­‐class	  (phenotype)	  associated	  variation.	  
	  
Overall,	  the	  OPLS-­‐DA	  models	  comparing	  the	  two	  homozygous	  strains	  indicate	  that	  at	  
every	   time	   point	   taurine,	   2-­‐oxoglutarate	   and	   citrate	   were	   higher	   in	   the	   obese	  
animals,	  and	  creatinine	  and	  N-­‐acetyl	  glycoprotein	  fragments	  were	  higher	  in	  the	  lean	  
(+/+)	  animals.	  In	  addition,	  allantoin	  was	  higher	  in	  lean	  (+/+)	  animals	  from	  week	  nine	  
onwards	   and	   fumarate	   was	   higher	   in	   the	   (fa/fa)	   animals	   from	   weeks	   five	   to	   ten.	  
Indoxyl	   sulphate	   and	   PAG	   were	   higher	   in	   the	   lean	   (+/+)	   animals	   from	   week	   nine	  
onwards.	   Refer	   to	   table	   8	   (appendix)	   for	   a	   summary	   of	   the	   urinary	   metabolite	  
differences	  in	  the	  obese	  animals	  relative	  to	  the	  lean	  (+/+)	  animals	  at	  weeks	  5,	  8,	  12	  
and	  14.	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Figure	   24:	  OPLS-­‐DA	   coefficient	   plots	   generated	   from	   the	   urinary	   1H	   NMR	   spectra	   of	   samples	   collected	   from:	  
obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  at	  week	  5	  (R2Y	  =	  0.9996;	  Q2Y	  =	  0.8054;	  two	  orthogonal	  and	  one	  predictive	  
component);	  and	  obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  at	  week	  8	  (R2Y	  =	  0.9983;	  Q2Y	  =	  0.6811;	  two	  orthogonal	  and	  
one	   predictive	   component).	   The	   scores	   plot	   for	   each	   model	   is	   shown	   beneath	   the	   corresponding	   loadings	  
coefficient	  plot,	   the	  numerical	  values	  shown	  within	   the	  scores	  plots	   represent	   the	  cage	  number	  of	   the	  animal.	  
OPLS-­‐DA	  coefficient	  plot	  labels:	  3,	  N-­‐acetyl	  glycoprotein	  fragments;	  4,	  Succinate;	  5,	  2-­‐oxoglutarate;	  6,	  Citrate;	  10,	  
Creatinine;	  12,	  Taurine;	  17,	  Fumarate;	  20,	  Formate.	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Figure	   25:	  OPLS-­‐DA	   coefficient	   plots	   generated	   from	   the	   urinary	   1H	   NMR	   spectra	   of	   samples	   collected	   from:	  
obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  at	  week	  12	  (R2Y	  =	  0.9976;	  Q2Y	  =	  0.8143;	  two	  orthogonal	  and	  one	  predictive	  
component);	  and	  obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  at	  week	  14	  (R2Y	  =	  0.995;	  Q2Y	  =	  0.7791;	  two	  orthogonal	  and	  
one	   predictive	   component).	   The	   scores	   plot	   for	   each	   model	   is	   shown	   beneath	   the	   corresponding	   loadings	  
coefficient	  plot,	   the	  numerical	  values	  shown	  within	   the	  scores	  plots	   represent	   the	  cage	  number	  of	   the	  animal.	  
OPLS-­‐DA	  coefficient	  plot	  labels:	  3,	  N-­‐acetyl	  glycoprotein	  fragments;	  5,	  2-­‐oxoglutarate;	  6,	  Citrate;	  7,	  Methylamine;	  
10,	   Creatinine;	   13,	   Trimethylamine-­‐N-­‐oxide;	   14,	   Guanidoacetate;	   15,	   Hippurate;	   16,	   Allantoin;	   18,	   Indoxyl	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The	  pair-­‐wise	  OPLS-­‐DA	  model	  comparing	  homozygous	  lean	  and	  obese	  samples	  from	  
week	  nine	  highlights	  metabolite	  differences,	  which	  are	   inconsistent	  with	   the	  other	  
sample	   collection	   points.	   The	   model	   indicates	   that	   3-­‐HPPA	   was	   higher	   in	   the	  
homozygous	   lean	  animals	  (whilst	  not	  being	  significantly	  different	  at	  any	  other	  time	  
point)	  and	  hippurate	  was	  lower	  in	  the	  lean	  (+/+)	  animals,	  whereas	  all	  other	  models	  
show	   that	   hippurate	  was	   lower	   in	   the	   (fa/fa)	   strain	   (figure	   26).	   These	   findings	   are	  
consistent	   with	   those	   shown	   in	   figure	   22,	   showing	   the	   relatively	   lower	  
concentrations	  of	  hippurate,	  and	  higher	  concentrations	  of	  PAG	  and	  3-­‐HPPA,	  excreted	  
by	   the	  homozygous	   lean	  animals	  at	  week	  nine	   relative	   to	   the	   samples	   collected	  at	  
week	   five.	  Overall	   these	   results	   support	   the	   suggestion	   that	  hippurate	   significantly	  
decreased	  and	  3-­‐HPPA	   increased	   in	   the	   lean	   (+/+)	  animal	   samples	  at	  week	  nine	  of	  
the	  study.	  	  
	  
	  
Figure	  26:	  An	  OPLS-­‐DA	  coefficient	  plot	   generated	   from	   the	  urinary	   1H	  NMR	  spectra	  of	   samples	   collected	   from	  
obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  at	  week	  9	  (R2Y	  =	  0.9978;	  Q2Y	  =	  0.8258;	  two	  orthogonal	  and	  one	  predictive	  
component).	  15,	  Hippurate;	  17,	  Fumarate;	  18,	  Indoxyl	  sulphate;	  19,	  Phenylacetylglycine;	  20,	  Formate;	  22,	  3-­‐HPPA	  
(3-­‐hydroxyphenylpropionic	  acid).	  
	  
3.6.6	   Detailed	  analysis	  of	  urinary	  host-­‐microbial	  co-­‐metabolites	  
	  
To	  obtain	  a	  more	  detailed	  understanding	  of	  age-­‐related	  changes	  in	  the	  metabolites	  
highlighted	  in	  the	  OPLS-­‐DA	  and	  OPLS	  models,	  the	  normalised	  spectral	  resonances	  of	  
the	   host-­‐microbial	   co-­‐metabolites	   3-­‐HPPA,	   indoxyl	   sulphate,	   hippurate,	   PAG	   and	  
formate	   (product	   of	   1-­‐carbon	   metabolism	   and	   potentially	   either	   mammalian	   or	  
microbial),	   were	   integrated	   and	   plotted	   against	   the	   age	   of	   sample	   collection,	   in	  
terms	  of	  the	  mean	  of	  each	  genotype,	  and	  also	  in	  terms	  of	  the	  differences	  between	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each	   cage.	   Additionally,	   a	   one-­‐way	   ANOVA,	   followed	   by	   Bonferroni	   multiple	  
comparisons	  test	  was	  performed	  on	  the	  relative	  spectral	  intensities	  of	  each	  selected	  
metabolite	  at	  week	  14	  of	  the	  study,	  comparing	  each	  genotype	  (figures	  27,	  28,	  29,	  30	  
and	  31).	  
	  
Clear	  phenotypic	  differences	  in	  trends	  in	  age-­‐related	  excretion	  of	  metabolites	  were	  
observed	   for	   formate,	   indoxyl	   sulphate	   and	   PAG.	   The	   analysis	   of	   relative	   spectral	  
intensities	   highlighted	   a	   reduction	   in	   formate	   excretion	   in	   the	   obese	   animal	   from	  
cage	  one	   from	  11	  weeks	  of	  age,	   compared	   to	   the	  other	  obese	  animals	   (figure	  28).	  
Additionally,	   it	   can	   also	  be	   clearly	   observed	   that	   at	  week	  9,	   3-­‐HPPA	  excretion	  was	  
increased,	   whilst	   hippurate	   excretion	   was	   reduced,	   relative	   to	   the	   prior	   and	  




Figure	  27:	  Relative	  spectral	  intensities	  (normalised	  data)	  of	  3-­‐HPPA	  [singlet	  at	  d6.80].	  Genotype	  comparison:	  (Left	  
figure)	   data	   expressed	   as	  mean	   ±	   standard	   error	   of	   the	  mean;	   (right	   figure)	   box	   plots	   of	   the	   relative	   spectral	  
intensities	  at	  week	  14	  only,	  demonstrating	  the	  median,	  lower	  and	  upper	  quartiles,	  and	  the	  smallest	  and	  largest	  
observations	   for	   each	   of	   the	   three	   strains.	   Cage	   comparison:	   each	   data	   point	   represents	   one	   sample	   from	   an	  
individual	  animal,	  coloured	  according	  to	  cage	  (1-­‐6).	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Figure	   28:	   Relative	   spectral	   intensities	   (normalised	   data)	   of	   formate	   [singlet	   at	   d8.46].	   Genotype	   comparison:	  
(Left	  figure)	  data	  expressed	  as	  mean	  ±	  standard	  error	  of	  the	  mean;	  (right	  figure)	  box	  plots	  of	  the	  relative	  spectral	  
intensities	  at	  week	  14	  only,	  demonstrating	  the	  median,	  lower	  and	  upper	  quartiles,	  and	  the	  smallest	  and	  largest	  
observations	  for	  each	  of	  the	  three	  strains.	  Asterisks	  indicate	  significant	  differences	  (one-­‐way	  ANOVA,	  followed	  by	  
Bonferroni	  multiple	  comparisons	  test,	  **	  P	  <	  0.01;	  ***	  P<	  0.001;	  †	  P	  <	  0.05,	  not	  considered	  significant	  according	  
to	   the	   Bonferroni	   adjustment).	   Cage	   comparison:	   each	   data	   point	   represents	   one	   sample	   from	   an	   individual	  
animal,	  coloured	  according	  to	  cage	  (1-­‐6).	  
	  
	  
Figure	   29:	   Relative	   spectral	   intensities	   (normalised	   data)	   of	   indoxyl	   sulphate	   [doublet	   at	   d7.70].	   Genotype	  
comparison:	   (Left	   figure)	  data	  expressed	  as	  mean	  ±	   standard	  error	  of	   the	  mean;	   (right	   figure)	  box	  plots	  of	   the	  
relative	   spectral	   intensities	   at	   week	   14	   only,	   demonstrating	   the	   median,	   lower	   and	   upper	   quartiles,	   and	   the	  
smallest	  and	  largest	  observations	  for	  each	  of	  the	  three	  strains.	  Asterisks	  indicate	  significant	  differences	  (one-­‐way	  
ANOVA,	  followed	  by	  Bonferroni	  multiple	  comparisons	  test,	  **	  P	  <	  0.01;	  ***	  P<	  0.001;	  †	  P	  <	  0.05,	  not	  considered	  
significant	   according	   to	   the	  Bonferroni	   adjustment).	   Cage	   comparison:	   each	  data	  point	   represents	  one	   sample	  
from	  an	  individual	  animal,	  coloured	  according	  to	  cage	  (1-­‐6).	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Figure	  30:	  Relative	  spectral	  intensities	  (normalised	  data)	  of	  hippurate	  [doublet	  at	  d7.84].	  Genotype	  comparison:	  
(Left	  figure)	  data	  expressed	  as	  mean	  ±	  standard	  error	  of	  the	  mean;	  (right	  figure)	  box	  plots	  of	  the	  relative	  spectral	  
intensities	  at	  week	  14	  only,	  demonstrating	  the	  median,	  lower	  and	  upper	  quartiles,	  and	  the	  smallest	  and	  largest	  
observations	   for	   each	   of	   the	   three	   strains.	   Cage	   comparison:	   each	   data	   point	   represents	   one	   sample	   from	   an	  
individual	  animal,	  coloured	  according	  to	  cage	  (1-­‐6).	  
	  
	  
Figure	  31:	  Relative	  spectral	  intensities	  (normalised	  data)	  of	  PAG	  [multiplet	  at	  d7.42].	  Genotype	  comparison:	  (Left	  
figure)	   data	   expressed	   as	  mean	   ±	   standard	   error	   of	   the	  mean;	   (right	   figure)	   box	   plots	   of	   the	   relative	   spectral	  
intensities	  at	  week	  14	  only,	  demonstrating	  the	  median,	  lower	  and	  upper	  quartiles,	  and	  the	  smallest	  and	  largest	  
observations	  for	  each	  of	  the	  three	  strains.	  Asterisks	  indicate	  significant	  differences	  (one-­‐way	  ANOVA,	  followed	  by	  
Bonferroni	  multiple	  comparisons	  test,	  **	  P	  <	  0.01;	  ***	  P<	  0.001;	  †	  P	  <	  0.05,	  not	  considered	  significant	  according	  
to	   the	   Bonferroni	   adjustment).	   Cage	   comparison:	   each	   data	   point	   represents	   one	   sample	   from	   an	   individual	  
animal,	  coloured	  according	  to	  cage	  (1-­‐6).	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3.6.7	   Cage-­‐associated	  variation	  in	  urinary	  metabolite	  profiles	  
	  
In	   addition	   to	   the	   OPLS	   and	   OPLS-­‐DA	   models	   of	   age	   and	   phenotype-­‐associated	  
variance,	   cage	   environment-­‐associated	   variation	   in	   the	   urinary	  metabolite	   profiles	  
was	  investigated	  using	  OPLS-­‐DA	  modelling.	  A	  model	  was	  constructed	  of	  the	  samples	  
from	  all	  time	  points	  in	  the	  study,	  with	  cage	  used	  as	  the	  Y	  predictor.	  However,	  it	  can	  
be	  observed	  that	  there	  was	  no	  clear	  separation	  of	  samples,	  based	  on	  cage	  (1-­‐6),	   in	  
the	  first	  and	  second	  predictive	  components	  of	  the	  cross-­‐validated	  scores	  (figure	  32).	  
Additionally,	   the	   loadings	   from	   the	   model	   indicated	   that	   the	   urinary	   metabolite	  
profiles	   from	   differing	   cages	   were	   not	   significantly	   different.	   It	   is	   likely	   that	   the	  
strong	   age-­‐related	   variation	   and	   phenotypic	   differences	   in	   metabolite	   excretion	  
affected	   the	  power	  of	   the	  model	   to	  distinguish	   the	  metabolites	   based	  on	   cage,	   as	  
sub-­‐groups	  within	  the	  classes	  will	  have	  complicated	  the	  analysis.	  Nonetheless,	  it	  was	  
not	  thought	  appropriate	  to	  create	  models	  based	  on	  one	  age	  group	  at	  a	  time,	  due	  to	  
the	  small	  sample	  size	  for	  each	  cage	  at	  individual	  time	  points	  (n	  ≤	  3).	  	  
	  
	  
Figure	  32:	  OPLS-­‐DA	  cross-­‐validated	  scores	  plot	  generated	  from	  1H	  NMR	  spectra	  of	  urine	  samples	  collected	  from	  
all	  animals	  at	  all	  times	  points	  in	  the	  study,	  using	  cage	  (1-­‐6)	  as	  the	  Y	  predictors	  (five	  predictive	  components	  plus	  
five	  orthogonal	  components;	  R2Y	  =	  0.666,	  Q2Y	  =	  0.240,	  R2X	  =	  0.530).	  The	  scores	  of	  the	  first	  predictive	  component	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3.6.8	   1H	  NMR	  spectroscopy	  of	  plasma	  
	  
Typical	   plasma	   CPMG	   1H	  NMR	   spectra	   of	   samples	   from	   each	   Zucker	   strain	   (at	   14	  
weeks	  of	  age)	  are	  shown	  in	  figure	  33.	  The	  plasma	  spectra	  were	  acquired	  using	  three	  
different	  pulse	  sequences:	  a	  standard	  one-­‐dimensional	  pulse	  sequence	  with	  water	  
resonance	   pre-­‐saturation,	   a	   CPMG	   spin-­‐echo	   sequence	   and	   a	   one-­‐dimensional	  
diffusion-­‐edited	  pulse	  sequence.	  This	  strategy	  was	  applied	  in	  order	  to	  gain	  the	  most	  
information	   from	   the	   samples.	   Although	   the	   spectra	   acquired	   using	   the	   standard	  
one-­‐dimensional	   pulse	   sequence	   contained	   resonances	   from	  both	   large	   and	   small	  
molecules,	   the	  broad	   resonances	   from	   the	  macromolecules	  partially	   obscured	   the	  
signals	  from	  smaller	  molecules,	  which	  would	  hinder	  both	  identification	  of	  molecules	  
and	   multivariate	   data	   analysis.	   The	   CPMG	   pulse	   attenuates	   resonances	   from	  
macromolecules,	   allowing	   for	   a	   clearer	   detection	   of	   resonances	   from	   small	  
molecules	   (Carr	   and	   Purcell	   1954;	   Meiboom	   and	   Gill	   1958);	   however,	   if	   the	  
lipoprotein	  content	  in	  the	  sample	  is	  particularly	  high,	  then	  signals	  from	  lipoproteins	  
may	   still	   be	   observed.	   Therefore,	   the	   spectra	   acquired	   using	   the	   CPMG	   sequence	  
were	   chosen	   for	   creating	   statistical	  models	  of	   the	  plasma	  data,	   as	   they	   contained	  
both	   resolved	   peaks	   from	   small	   molecules	   as	   well	   as	   partially	   attenuated	   signals	  
from	  the	  larger	  lipoprotein	  molecules,	  giving	  a	  broad	  overview	  of	  the	  metabolites	  in	  
the	  plasma.	  Visual	  inspection	  of	  the	  spectra	  indicated	  that	  the	  plasma	  samples	  from	  
the	  obese	  animals	  contained	  higher	  amounts	  of	   lipoproteins	  and	  valine,	  compared	  
with	  the	  two	  lean	  strains.	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Figure	  33:	  Typical	  plasma	  CPMG	  1H	  NMR	  spectra	  for	  each	  Zucker	  strain;	  for	  clarity,	  the	  spectra	  are	  displayed	  in	  
three	  frequency	  ranges.	  1,	  Lipid	  (CH3);	  2,	  Isoleucine;	  3,	  Leucine;	  4,	  Valine;	  5,	  Histidine;	  6,	  Lipid	  (-­‐CH2-­‐)n;	  7,	  Lactate;	  
8,	  Alanine;	  9,	  Lipid	  (CH2CH2CO);	  10,	  Lipid	  (CH2CH2-­‐C=C);	  11,	  Acetate;	  12,	  Lipid	  (=CH-­‐CH2);	  13,	  N-­‐acetyl	  glycoprotein	  
fragments;	  14,	  O-­‐acetyl	  glycoprotein	   fragments;	  15,	  Lipid	   (CH2CO);	  16,	  Acetoacetate;	  17,	  Succinate;	  18,	  Citrate;	  
19,	   Lipid	   (C=CCH2C=C);	   20,	   Dimethylglycine;	   21,	   Creatine;	   22,	   Choline;	   23,	   Phosphocholine;	   24,	   Taurine;	   25,	  
Trimethylamine-­‐N-­‐oxide;	   26,	   β-­‐glucose;	   27,	   α-­‐glucose;	   28,	   Glycine;	   29,	   Glyceryl	   of	   lipids	   (CHOCOR);	   30,	   Lipid	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3.6.9	   PCA	  modelling	  of	  1H	  NMR	  plasma	  spectral	  data	  
	  
Initially,	   PCA	   was	   used	   to	   model	   the	   CPMG	   1H	   NMR	   plasma	   data	   and	   clearly	  
discriminated	   between	   the	   lean	   and	   obese	   phenotypes	   in	   the	   first	   principal	  
component	   (figure	   	   34).	   	   The	   obese	   animal	   from	   cage	   one	   was	   an	   outlier	   in	   this	  
model	  (as	  with	  the	  urine),	  but	  was	  not	  excluded	  as	   it	  did	  not	  significantly	  skew	  the	  
rest	   of	   the	  model.	   As	  with	   the	   PCA	  modelling	   of	   the	   urine	   1H	  NMR	   spectral	   data,	  
there	  appeared	  to	  be	  no	  distinct	  separation	  between	  the	  two	  lean	  strains,	  (fa/+)	  and	  
(+/+).	   The	   loadings	   from	   this	  model	   indicated	   that	   the	  plasma	   from	  obese	  animals	  
contained	  higher	  amounts	  of	  lipid	  (specifically	  the	  peaks	  at	  0.86,	  1.27,	  2.23	  and	  3.21	  
ppm),	  and	  lower	  amounts	  of	  TMAO	  compared	  to	  the	  lean	  animals.	  The	  loadings	  also	  
indicated	   that	   the	  obese	  animal	   from	  cage	  one	  was	  an	  outlier	  due	   to	  much	  higher	  
amounts	  of	  lipid	  (specifically	  prominent	  for	  the	  resonance	  at	  δ1.27).	  When	  PCA	  was	  
performed	  on	  just	  the	  lean	  (+/+)	  and	  (fa/+)	  plasma	  spectral	  data	  alone,	  there	  was	  no	  
pronounced	  clustering	  of	  animals	  by	  cage	  (appendix,	  figure	  93).	  
	  
	  
Figure	  34:	  PCA	  scores	  plot	  of	  all	  CPMG	  1H	  NMR	  plasma	  data.	  The	  strain	  of	  the	  animal	  is	  indicated	  by	  colour	  and	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To	   further	   examine	   the	  metabolite	  differences	   that	   caused	   the	  obese	   animal	   from	  
cage	  one	  to	  become	  an	  outlier	   in	   the	  PCA	  scores	  plot,	   the	  spectra	  of	  all	   the	  obese	  
animals	  were	  compared	  by	  visual	  inspection	  (figure	  35).	  It	  can	  be	  observed	  that	  the	  
lipid	   peaks	   in	   the	   plasma	   from	   the	   outlier	   animal	   (in	   red),	   are	   considerably	   higher	  
than	  the	  peaks	  from	  all	  the	  other	  obese	  animals.	  	  
	  
	  
Figure	   35:	   Section	   of	   plasma	   CPMG	   1H	   NMR	   spectra	   from	   each	   Zucker	   obese	   (fa/fa)	   animals	   illustrating	   the	  
difference	   in	   lipid	   resonances.	   Spectra	   are	   coloured	   by	   cage	   number.	   1,	   Lipid	   (CH3);	   6,	   Lipid	   (-­‐CH2-­‐)n;	   9,	   Lipid	  
(CH2CH2CO);	  12,	  Lipid	  (=CH-­‐CH2);	  15,	  Lipid	  (CH2CO);	  16,	  Acetoacetate;	  19,	  Lipid	  (C=CCH2C=C).	  
	  
3.6.10	   OPLS-­‐DA	  modelling	  of	  1H	  NMR	  plasma	  spectral	  data	  
	  
As	  with	  the	  OPLS-­‐DA	  models	  of	  urinary	  1H	  NMR	  data,	   initially,	  a	  pair-­‐wise	  OPLS-­‐DA	  
model	   was	   constructed	   comparing	   the	   two	   lean	   phenotypes,	   (fa/+)	   and	   (+/+).	  
Consistent	  with	  the	  PCA	  modelling	  of	  the	  plasma	  spectral	  data,	  the	  OPLS-­‐DA	  model	  
indicated	   that	   the	   plasma	   metabolite	   profiles	   of	   the	   two	   lean	   strains	   were	   very	  
similar.	  The	  predictive	  value	  of	   the	  models,	  based	  on	  permutation	  testing,	  was	  not	  
judged	  to	  be	  robust.	  Additionally,	  the	  samples	  from	  differing	  lean	  strains	  were	  found	  
to	  overlap	   in	   the	  predictive	   component	  of	   the	   scores	   (appendix;	   figure	  94,	  A),	   and	  
the	   loadings	   of	   the	  models	   indicated	   that	   there	  were	   only	   subtle	   differences	   in	   a	  
small	  number	  of	  metabolites	  (appendix;	  figure	  94	  B).	  Due	  to	  the	  similarity	  in	  plasma	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metabolite	   profiles	   of	   the	   lean	   strains	   of	   Zucker	   rat,	   the	   supervised	   multivariate	  
statistical	   analysis	   of	   the	   plasma	   samples	   is	   focused	   on	   comparison	   of	   the	  
homozygous	  obese	  and	  lean	  animals.	  
	  
An	  OPLS-­‐DA	  model	  was	  constructed	  to	  compare	  the	  CPMG	  1H	  NMR	  plasma	  spectral	  
data	  from	  lean	  (+/+)	  animals	  with	  obese	  (fa/fa)	  animals	  at	  week	  14	  (figure	  36).	  The	  
models	  have	  been	  created	  so	  that	  peaks	  pointing	  upwards	  positively	  correlated	  with	  
samples	   from	   lean	   (+/+)	   animals,	   and	   peaks	   pointing	   downwards	   positively	  
correlated	   with	   the	   samples	   from	   obese	   (fa/fa)	   animals.	   The	   loadings	   from	   this	  
model	   revealed	   that	   the	  most	   significant	   discriminatory	  metabolites	   in	   the	   plasma	  
were	  phosphocholine,	   acetoacetate,	   valine,	   isoleucine	   and	   lipid	  peaks,	  which	  were	  
all	  higher	  in	  the	  obese	  (fa/fa)	  samples,	  and	  TMAO,	  which	  was	  higher	  in	  the	  lean	  (+/+)	  
samples.	   Refer	   to	   table	   9	   (appendix)	   for	   a	   summary	   of	   the	   plasma	   metabolite	  
differences	  in	  the	  obese	  animals	  relative	  to	  the	  lean	  animals	  at	  week	  14.	  	  
	  
To	  investigate	  whether	  the	  outlier	  obese	  animal	  from	  cage	  one	  affected	  the	  OPLS-­‐DA	  
analysis	   comparing	   lean	   (+/+)	   animals	  with	  obese	   animals,	   an	  OPLS-­‐DA	  model	  was	  
constructing	  with	   the	   outlier	   animal	   excluded	   (figure	   37).	   This	   resulted	   in	   a	   larger	  
proportion	  of	  metabolites	   that	  are	  strongly	  significantly	  different	  between	  the	   two	  
strains.	  
	  
The	   difference	   in	   lipids	   between	   the	   obese	   and	   lean	   (+/+)	   animals	   was	   further	  
reinforced	  by	  examining	  OPLS-­‐DA	  of	  the	  diffusion-­‐edited	  spectra	  (appendix,	  95).	  As	  
with	  the	  CPMG	  data,	  the	  high	  lipid	  content	  of	  the	  spectrum	  from	  the	  obese	  animal	  
from	  cage	  one	  skewed	  the	  OPLS-­‐DA	  analysis,	  and	  it	  can	  be	  observed	  that	  excluding	  
this	  animal	  increased	  the	  significance	  of	  the	  differences	  in	  metabolites	  between	  the	  
obese	  and	  lean	  (+/+)	  animals	  (appendix,	  96).	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Figure	  36:	  An	  OPLS-­‐DA	  coefficient	  plot	  generated	  from	  the	  plasma	  CPMG	  1H	  NMR	  spectra	  of	  samples	  
collected	   from	  obese	   (fa/fa)	   and	   lean	   (+/+)	   animals	   (at	  week	  14)	   (R2Y	   =	   0.976;	  Q2Y	   =	   0.6889;	   three	  
orthogonal	   and	   one	   predictive	   component).	   The	   scores	   plot	   for	   the	   model	   is	   shown	   beneath	   the	  
loadings	   coefficient	  plot	  and	   the	  numerical	   values	   shown	  within	   the	   scores	  plot	   represent	   the	   cage	  
number	   of	   the	   animal.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   1,	   Lipid	   (CH3);	   2,	   Isoleucine;	   3,	   Leucine;	   4,	  
Valine;	   6,	   Lipid	   (-­‐CH2-­‐)n;	   7,	   Lactate;	   8,	   Alanine;	   9,	   Lipid	   (CH2CH2CO);	   12,	   Lipid	   (=CH-­‐CH2);	   15,	   Lipid	  
(CH2CO);	   16,	   Acetoacetate;	   19,	   Lipid	   (C=CCH2C=C);	   21,	   Creatine;	   23,	   Phosphocholine;	   25,	  
Trimethylamine-­‐N-­‐oxide;	  29,	  Glyceryl	  of	  lipids	  (CHOCOR);	  30,	  Lipid	  (unsaturated)	  (=CHCH2).	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Figure	  37:	  An	  OPLS-­‐DA	  coefficient	  plot	  generated	  from	  the	  plasma	  CPMG	  1H	  NMR	  spectra	  of	  samples	  collected	  
from	   obese	   (fa/fa)	   and	   lean	   (+/+)	   animals	   (at	   week	   14),	   constructed	   with	   the	   obese	   (fa/fa)	   rat	   from	   cage	   1	  
excluded	   from	   the	  model	   (R2Y	   =	   0.9866;	  Q2Y	   =	   0.8677;	   three	   orthogonal	   and	   one	   predictive	   component).	   The	  
scores	  plot	  for	  the	  model	  is	  shown	  beneath	  the	  loadings	  coefficient	  plot	  and	  the	  numerical	  values	  shown	  within	  
the	   scores	   plot	   represent	   the	   cage	   number	   of	   the	   animal.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   1,	   Lipid	   (CH3);	   2,	  
Isoleucine;	  3,	  Leucine;	  4,	  Valine;	  6,	  Lipid	  (-­‐CH2-­‐)n;	  7,	  Lactate;	  8,	  Alanine;	  9,	  Lipid	  (CH2CH2CO);	  12,	  Lipid	  (=CH-­‐CH2);	  
15,	   Lipid	   (CH2CO);	   16,	   Acetoacetate;	   19,	   Lipid	   (C=CCH2C=C);	   21,	   Creatine;	   23,	   Phosphocholine;	   25,	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3.7	   Discussion	  
	  
3.7.1	   Animal	  body	  weights	  
	  
The	  average	  body	  weights	   for	  each	  strain	  were	  consistent	  with	  previous	  studies	  of	  
Zucker	   rats	   (Zucker	   and	   Zucker	   1961;	   Powley	   and	  Morton	  1976).	   Interestingly,	   the	  
obese	  outlier	  from	  cage	  one,	  found	  to	  have	  a	  greater	  amount	  of	  lipid	  in	  the	  plasma	  
compared	  to	  the	  other	  obese	  animals,	  was	  not	  found	  to	  have	  a	  significantly	  greater	  
body	  weight	  than	  the	  other	  obese	  animals.	  Indeed,	  despite	  having	  the	  greatest	  body	  
weight	  at	  the	  beginning	  of	  the	  study,	  this	  animal	  had	  the	  lowest	  body	  weight	  of	  all	  
the	   obese	   animals	   from	   week	   11	   onwards.	   This	   is	   an	   interesting	   finding,	   and	  
demonstrates	   that,	   in	   this	   case	   at	   least,	   weight	   was	   not	   a	   direct	   indicator	   of	  
metabonomic	   syndrome	   development.	   Conversely,	   both	   the	   urinary	   and	   plasma	  
multivariate	   analyses	   clearly	   described	   this	   animal	   as	   an	   outlier	  with	   an	   advanced	  
rate	  of	  obesity	  and	  dyslipidaemia	  progression.	  	  
	  
3.7.2	   Urinary	  metabolite	  profiles	  in	  the	  Zucker	  rat	  
	  
The	   PCA	   results	   demonstrated	   significant	   differences	   in	   the	   urinary	   metabolite	  
profiles	  of	   the	  obese	   (fa/fa)	  and	   lean	  phenotypes,	   (+/+)	  and	   (fa/+),	   throughout	   the	  
length	  of	   the	   study.	  Slight	  differences	  could	  be	  observed	   in	   the	  urinary	  metabolite	  
profiles	   of	   the	   two	   phenotypes	   from	   the	   beginning	   of	   the	   study,	   and	   these	  
differences	   became	   greater	   as	   the	   study	   progressed,	  with	   a	  marked	   divergence	   in	  
the	  metabolic	  trajectories	  of	  the	  two	  phenotypes.	  In	  certain	  cages,	  such	  as	  cages	  two	  
and	   five,	   however,	   the	   difference	   in	   urinary	   profiles	   was	   significant	   from	   the	   first	  
sample	   collection	   and	   persisted	   throughout	   the	   study.	   There	   appeared	   to	   be	   no	  
distinct	  differences	  in	  urinary	  metabolite	  profiles	  between	  the	  two	  lean	  strains,	  (+/+)	  
and	  (fa/+),	  which	  is	  consistent	  with	  previous	  findings	  (Waldram,	  Holmes	  et	  al.	  2009).	  
	  
Phenotype	   and	   age	  were	   observed	   to	   be	  much	   stronger	   sources	   of	   variation	   than	  
cage-­‐environment.	   However	   removal	   of	   these	   sources	   of	   variation	   by	   comparing	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only	   lean	  animals	  at	  single	  time	  points	  presented	  a	  problem,	  as	  with	  only	  two	  lean	  
animals	   per	   cage	   to	   compare,	   the	   effect	   of	   cage	   environment	   on	   the	   urinary	  
metabolite	  profile	  was	  difficult	  to	  confidently	  ascertain.	  
	  
3.7.3	   Age-­‐related	  variation	  in	  the	  urinary	  metabolite	  profile	  of	  the	  lean	  
Zucker	  rat	  
	  
Whilst	   the	   PCA	   trajectory	   plots	   demonstrated	   some	   of	   the	   key	   changes	   in	   urinary	  
metabolites	  that	  occurred	  as	  the	  rats	  aged,	  OPLS-­‐DA	  gave	  a	  more	  detailed	  analysis	  of	  
the	  age-­‐related	  variation.	   It	  was	  demonstrated	  that	  as	  the	   lean	  (+/+)	  animals	  aged,	  
the	  amount	  of	  creatinine	  and	  taurine	  they	  excreted	  increased.	  This	  is	  consistent	  with	  
previous	  metabonomic	  studies	  of	  age-­‐related	  urinary	  composition	  changes	  in	  Wistar-­‐
derived	  (Williams,	  Lenz	  et	  al.	  2005b;	  Williams,	  Lenz	  et	  al.	  2006)	  and	  Sprague	  Dawley	  
rats	   (Bell,	   Sadler	   et	   al.	   1991;	   Schnackenberg,	   Sun	   et	   al.	   2007).	   In	   addition,	   as	   the	  
animals	  aged	   they	  excreted	   significantly	   less	   citrate,	  as	  well	   as	   less	  2-­‐oxoglutarate,	  
fumarate,	   allantoin	   and	   hippurate.	   Age-­‐related	   decreases	   in	   excreted	   tricarboxylic	  
acid	   (TCA)	   -­‐cycle	   intermediates	   have	   been	   noted	   in	   previous	   studies,	   including	   a	  
decrease	  in	  citrate	  in	  Wistar-­‐derived	  rats	  (Williams,	  Lenz	  et	  al.	  2005b;	  Williams,	  Lenz	  
et	  al.	  2006),	  as	  well	  as	  an	  age-­‐related	  reduction	  in	  both	  citrate	  and	  2-­‐oxoglutarate	  in	  
Sprague	  Dawley	  rats	  (Bell,	  Sadler	  et	  al.	  1991).	  The	  age-­‐related	  reduction	  in	  hippurate	  
excretion	  contrasts	  with	  previous	  findings	  using	  Sprague	  Dawley	  and	  Wistar-­‐derived	  
rats,	  with	  investigators	  finding	  a	  general	  increase	  in	  excretion	  for	  the	  first	  8-­‐11	  weeks	  
(Williams,	  Lenz	  et	  al.	  2005b;	  Schnackenberg,	  Sun	  et	  al.	  2007).	  The	  authors	  attributed	  
this	  increase	  to	  the	  development	  of	  the	  gut	  microbiota	  and	  its	  adaptation	  to	  an	  adult	  
diet,	  which	  was	   introduced	  when	   the	  animals	  were	  weaned	  at	   three	  weeks	  of	  age	  
(Williams,	  Lenz	  et	  al.	  2005b).	  	  
	  
In	  addition,	  the	  OPLS-­‐DA	  models	  indicated	  that	  there	  were	  significant	  changes	  in	  the	  
urinary	  profile	   from	  the	   lean	   (+/+)	  animals	  at	  week	  nine,	   in	   the	  aromatic	   region	  of	  
the	   spectrum.	   This	   included	   a	   reduction	   in	   hippurate	   excreted,	   together	   with	   an	  
increase	  in	  PAG	  and	  3-­‐HPPA.	  The	  gut	  microbiota	  have	  been	  shown	  to	  contribute	  to	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the	   excretion	   of	   hippurate,	   3-­‐HPPA	   and	   PAG	   (Williams,	   Eyton-­‐Jones	   et	   al.	   2002;	  
Nicholls,	  Mortishire-­‐Smith	  et	  al.	  2003;	  Delaney,	  Neville	  et	  al.	  2004).	   It	   is	   interesting	  
that	  the	  decrease	  in	  hippurate	  occurred	  concurrently	  with	  an	  increase	  in	  3-­‐HPPA,	  as	  
previous	  studies	  have	  found	  populations	  of	  rats	  to	  belong	  to	  one	  of	  two	  subgroups;	  
those	   which	   excrete	   predominantly	   hippurate,	   and	   those	   which	   excrete	  
predominately	  3-­‐HPPA	  (Gavaghan,	  Nicholson	  et	  al.	  2001;	  Williams,	  Eyton-­‐Jones	  et	  al.	  
2002).	   It	   has	   also	   been	   found	   that	   variation	   of	   diet	   can	   alter	   the	   proportions	   of	  
hippurate	  and	  3-­‐HPPA	  excreted	   (Phipps,	  Stewart	  et	  al.	  1998).	  However,	  as	   the	  diet	  
was	  kept	  constant	  throughout	  this	  study,	  it	  seems	  that	  variation	  in	  the	  composition	  
or	   function	   of	   the	   gut	  microbiota	   arising	   from	   factors	   other	   than	   diet	   most	   likely	  
resulted	   in	   the	   changes	   seen	  at	  week	  nine.	  Variation	   in	   the	  excretion	  of	  hippurate	  
has	  also	  been	  associated	  with	  other	  factors,	  such	  as	  blood	  pressure	  (Holmes,	  Loo	  et	  
al.	   2008),	   anxiety	   (Persky,	   Grinker	   et	   al.	   1950;	   Basowitz,	   Board	   et	   al.	   1956;	  
Johannsen,	   Friedman	   et	   al.	   1962),	   and	   schizophrenia	   and	   depression	   (Quastel	   and	  
Wales	  1938;	  Fabisch	  and	  Fellner	  1957)	  in	  individuals.	  Thus,	  the	  variation	  in	  hippurate	  
excretion	  observed	  in	  the	  homozygous	  lean	  animals	  at	  week	  nine	  could	  possibly	  be	  
attributed	  to	  stress.	  Nevertheless,	   it	   is	   still	  puzzling	  that	  only	   the	  homozygous	   lean	  
animals	   demonstrated	   this	   variation	   in	   hippurate	   excretion,	   especially	   considering	  
the	  animals	  were	  housed	  in	  six	  different	  cages.	  
	  
3.7.4	   Age-­‐related	  variation	  in	  the	  urinary	  metabolite	  profile	  of	  the	  obese	  
Zucker	  rat	  
	  
PCA	   and	   OPLS-­‐DA	   models	   demonstrated	   that	   as	   the	   obese	   animals	   aged,	   they	  
excreted	   lower	   amounts	   of	   citrate,	   2-­‐oxoglutarate,	   succinate,	   fumarate,	   hippurate,	  
TMAO	   and	   allantoin.	   The	   age-­‐related	   reduction	   in	   excretion	   of	   TCA	   cycle	  
intermediates	   is	   consistent	   with	   a	   previous	   study	   of	   age-­‐related	   changes	   in	   the	  
Zucker	  obese	   rat	   (Williams,	   Lenz	   et	  al.	   2006),	  and	  also	  Wistar	  and	  Sprague	  Dawley	  
rats	  (Bell,	  Sadler	  et	  al.	  1991;	  Williams,	  Lenz	  et	  al.	  2005b;	  Williams,	  Lenz	  et	  al.	  2006;	  
Schnackenberg,	   Sun	   et	   al.	   2007).	   The	   reduction	   in	   these	   metabolites	   was	   slightly	  
more	   pronounced	   in	   the	   obese	   animals	   compared	   to	   the	   lean	   animals.	   The	   age-­‐
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related	   decrease	   in	   excreted	   TCA	   cycle	   intermediates	   seen	   in	   both	   the	   lean	   and	  
obese	  Zucker	  rats	   is	  a	  trend	  consistent	  with	  previous	  studies	  of	  aging	  rats,	  and	  it	   is	  
thought	   that	   this	  may	   be	   due	   to	   changes	   in	   the	   acid-­‐base	   balance	   in	   the	   kidneys	  
(Bell,	  Sadler	  et	  al.	  1991).	  
	  
The	  age-­‐related	  reduction	  in	  hippurate	  excretion	  observed	  in	  the	  obese	  samples	  also	  
paralleled	  the	  age-­‐related	  changes	  seen	  with	  the	  lean	  animals;	  although,	  again,	  this	  
reduction	  in	  hippurate	  excretion	  was	  more	  pronounced	  in	  the	  obese	  animals,	  which	  
may	  be	  a	  reflection	  of	  more	  substantial	  variation	  in	  the	  composition	  or	  activities	  of	  
the	  intestinal	  microbiota	  in	  the	  obese	  animals.	  
	  
TMAO	  was	  observed	   to	  decrease	  with	   age	  more	   significantly	   in	   the	  obese	   animals	  
compared	   to	   the	   lean	   animals.	   TMAO	   excretion	   results	   from	   oxidation	   of	  
trimethylamine	   (TMA)	   in	   the	   liver,	   which	   is	   produced	   largely	   via	   metabolism	   of	  
dietary	   choline	   by	   the	   intestinal	   microbiota	   (Zeisel,	   DaCosta	   et	   al.	   1985;	   Zeisel,	  
daCosta	  et	  al.	  1989;	  Smith,	  Wishnok	  et	  al.	  1994).	  Considering	  the	  pathway	  for	  TMAO	  
metabolism,	   it	   was	   interesting	   that	   TMA	   excretion	   did	   not	   change	   appreciably	   in	  
either	  the	  lean	  or	  obese	  animals,	  and	  the	  metabolite	  was	  not	  significantly	  higher	  in	  
either	  strain	  at	  any	  time	  point	  throughout	  the	  study.	  Nevertheless,	  as	  the	  diet	  for	  all	  
animals	   in	   the	   study	   was	   kept	   constant	   throughout,	   it	   is	   possible	   that	   changes	   in	  
TMAO	   excretion	   could	   be	   a	   further	   indication	   of	   age-­‐related	   variation	   in	   the	   gut	  
microbiota	  of	  the	  obese	  Zucker	  rats.	  
	  
The	  metabolic	  trajectory	  of	  the	  obese	  animal	  from	  cage	  one	  was	  observed	  to	  diverge	  
significantly	  from	  the	  other	  obese	  animals	  at	  week	  eight	  of	  the	  study.	  At	  week	  14	  of	  
the	   study,	   the	   outlier	   animal	   excreted	   much	   less	   taurine	   compared	   to	   the	   other	  
obese	   animals,	   and	   also	   less	   creatinine	   and	   allantoin.	   A	   previous	   study,	   which	  
compared	   the	   urinary	  metabolite	   profile	   of	   obese	   Zucker	   rats	  with	  Wistar-­‐derived	  
rats	  from	  the	  ages	  of	  4-­‐20	  weeks,	   found	  that	  at	  8	  weeks	  the	  taurine	  excretion	  was	  
comparable	   in	  the	  two	  strains.	  However,	  at	  12	  weeks	  the	  taurine	  resonances	  were	  
much	   less	  prominent	   in	   the	  urine	  of	   the	  obese	  Zucker	   rats,	   and	  were	  absent	   from	  
half	   of	   the	  obese	   Zucker	   animal	   samples	  by	   18	  weeks.	   In	   addition,	   the	   absence	  of	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taurine	  in	  the	  urine	  was	  associated	  with	  the	  presence	  of	  glucose	  in	  the	  urine	  at	  the	  
final	   time	   point	   of	   the	   study	   (20	   weeks)	   (Williams,	   Lenz	   et	   al.	   2006).	   It	   therefore	  
seems	  probable	   that	   the	  outlier	  animal	   in	   this	   study	  had	  an	   increased	   rate	  of	  age-­‐
related	   phenotype	   progression,	   compared	   to	   the	   other	   obese	   Zucker	   rats	   in	   the	  
study.	  
	  
The	   inclusion	   of	   the	   outlier	   obese	   animal	   in	   the	   age-­‐related	   OPLS-­‐DA	   models	  
hindered	  the	  interpretation	  of	  how	  the	  excretion	  of	  taurine	  changed	  with	  age	  in	  the	  
other	   obese	   animals.	   However,	   by	   creating	   OPLS-­‐DA	  models	   excluding	   the	   outlier	  
animal,	  it	  was	  possible	  to	  observe	  that	  excretion	  of	  taurine	  increased	  with	  age	  in	  the	  
other	  Zucker	  obese	  rats,	  peaking	  at	  10-­‐11	  weeks,	  but	  that	  this	  was	  then	  followed	  by	  
a	   slight	   decrease	   towards	   the	   end	   of	   the	   study.	   These	   results	   are	   consistent	  with	  
previous	   findings	   and	   may	   signify	   the	   beginning	   of	   a	   progression	   towards	  
hyperglycaemia	  (Williams,	  Lenz	  et	  al.	  2006).	  
	  
3.7.5	   Phenotype-­‐related	  variation	  in	  the	  urinary	  metabolite	  profile	  of	  the	  
Zucker	  rat	  
	  
Certain	  metabolites	   were	   higher	   in	   a	   particular	   phenotype	   for	   the	   entirety	   of	   the	  
study;	   taurine,	   citrate	   and	  2-­‐oxoglutarate	  were	  excreted	   in	  higher	   amounts	  by	   the	  
obese	   rats,	   and	   creatinine	   and	   N-­‐acetyl	   glycoprotein	   fragments	   were	   excreted	   in	  
higher	  amounts	  by	  the	  lean	  animals	  from	  weeks	  5	  to	  14.	  In	  addition,	  fumarate	  was	  
higher	  in	  the	  urine	  of	  obese	  Zucker	  rats	  from	  the	  beginning	  of	  the	  study	  until	  week	  
10;	  it	  was	  then	  not	  significantly	  different	  between	  the	  two	  phenotypes.	  In	  the	  urine	  
of	   the	   lean	   animals,	   allantoin	   was	   higher	   from	   week	   10	   onwards	   and	   indoxyl	  
sulphate	  and	  PAG	  were	  higher	   in	  week	  9	  onwards.	  Hippurate	  was	  slightly	  higher	   in	  
the	  urine	  of	  the	  lean	  (+/+)	  animals	  throughout	  the	  study,	  except	  at	  week	  9.	  
	  
The	  differences	  in	  TCA	  cycle	  intermediates	  between	  the	  obese	  and	  lean	  Zucker	  rats	  
in	  this	  study	  have	  been	  previously	  observed	   in	   investigations	  of	  obese	  animals.	  For	  
instance,	  it	  was	  found	  that	  higher	  amounts	  of	  citrate	  and	  fumarate	  were	  excreted	  by	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Zucker	  diabetic	  obese	  rats	  compared	  to	  lean	  Zucker	  (fa/+)	  rats	  (Salek,	  Maguire	  et	  al.	  
2007)	   across	   the	   time	  points	   of	   1,	   4,	   8	   and	   12	  weeks.	   Additionally,	   2-­‐oxoglutarate	  
was	  found	  to	  be	  higher	  in	  the	  urine	  of	  obese	  Zucker	  rats	  compared	  to	  lean	  (+/+)	  rats	  
at	   10	  weeks	   (Waldram,	  Holmes	   et	   al.	   2009).	   It	   is	   important	   to	  note	   that	   food	  was	  
unlimited	   in	   this	   study,	   and	   therefore	   the	  obese	  Zucker	  animals	  would	  have	  eaten	  
significantly	  more	  food	  compared	  to	  the	  lean	  animals.	  Therefore,	  it	  is	  likely	  that	  the	  
differences	   in	   caloric	   intake	   and	   physical	  movement	   between	   the	   obese	   and	   lean	  
rats	  influenced	  the	  differences	  in	  TCA	  cycle	  intermediates	  observed.	  
	  
In	  general,	  both	  the	  obese	  and	  lean	  rats	  excreted	  higher	  amounts	  of	  taurine	  as	  they	  
aged,	   although	   the	   taurine	   excretion	   in	   the	   obese	   rats	   peaked	   at	   week	   10.	   The	  
mechanism	  behind	  the	  age-­‐related	  increase	  in	  taurine	  observed	  in	  various	  rat	  strains	  
has	   yet	   to	   be	   fully	   elucidated.	   Previous	   authors	   have	   speculated	   that	   the	   increase	  
may	   be	   associated	  with	   an	   age-­‐related	   decrease	   in	   liver	   function,	   as	   elevations	   in	  
taurine	   excretion	   have	   been	   linked	   with	   hepatotoxicity	   (Sanins,	   Nicholson	   et	   al.	  
1990;	  Schnackenberg,	  Sun	  et	  al.	  2007);	  and	  an	  association	  with	   renal	  development	  
has	  also	  been	  suggested	   (Bell,	   Sadler	   et	  al.	  1991).	  When	  comparing	   the	  obese	  and	  
lean	  animals,	  taurine	  was	  higher	   in	  the	  urine	  of	  obese	  animals	  at	  every	  time	  point,	  
however	   much	   less	   significantly	   following	   week	   10;	   this	   is	   in	   agreement	   with	  
previous	   studies	   (Williams,	   Lenz	   et	   al.	   2005;	   Salek,	  Maguire	   et	   al.	   2007;	  Waldram,	  
Holmes	  et	  al.	  2009).	  	  
	  
As	   previously	  mentioned,	   there	  may	   be	   an	   association	  with	   a	   reduction	   in	   taurine	  
excretion	   and	   the	   development	   of	   hyperglycaemia	   (Williams,	   Lenz	   et	   al.	   2006).	   A	  
number	  of	   studies	  have	  connected	   taurine	  with	   the	  control	  of	  glucose	  and	   insulin,	  
describing	   the	   hypoglycaemic	   effect	   of	   taurine,	   including	   an	   investigation	   which	  
linked	   taurine	   with	   control	   of	   blood	   glucose	   and	   insulin	   in	   the	   Wistar	   Kyoto	   rat	  
(Kulakowski	   and	   Maturo	   1984).	   It	   has	   also	   been	   suggested	   that	   taurine	   and	   its	  
transporter	  interact	  with	  glucose,	  with	  a	  potential	  influence	  on	  the	  intracellular	  and	  
transcellular	  movement	  of	  glucose	  (Mai,	  McCrary	  et	  al.	  2009).	  Taurine	  has	  also	  been	  
associated	  with	  the	  development	  of	  the	  endocrine	  pancreas	  (Boujendar,	  Arany	  et	  al.	  
2003),	  and	  it	  has	  been	  suggested	  that	  the	  mechanism	  for	  taurine-­‐controlled	  glucose	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   108	  
	  
homeostasis	   is	   via	   regulation	   of	   the	   expression	   of	   genes	   necessary	   for	   glucose-­‐
stimulated	   insulin	   secretion	   and	   also	   increased	   peripheral	   insulin	   sensitivity	  
(Carneiro,	   Latorraca	   et	   al.	   2009).	   In	   addition	   to	   this,	   an	   investigation	   found	   that	  
seven	   weeks	   of	   oral	   supplementation	   of	   taurine	   in	   overweight	   and	   obese	   human	  
subjects	   significantly	   reduced	  plasma	   triacylglycerol	   (P<0.05)	   and	   also	  body	  weight	  
(P<0.01),	   with	   the	   authors	   suggesting	   a	   possible	   link	   between	   taurine	   and	   lipid	  
metabolism	  (Zhang,	  Bi	  et	  al.	  2004).	  Thus,	  despite	  the	  lack	  of	  a	  clear	  mechanism	  for	  
the	  reduction	  in	  excreted	  taurine	  observed	  in	  obese	  Zucker	  rats	  from	  approximately	  
10	   weeks	   of	   age,	   it	   appears	   likely	   that	   this	   observation	   is	   indicative	   of	   a	   loss	   of	  
control	  of	  blood	  glucose	  and	  the	  progression	  towards	  a	  diseased	  state.	  
	  
The	  observation	  of	  higher	  formate	  excretion	  in	  the	  obese	  rats	  was	  in	  opposition	  to	  a	  
previous	  comparison	  with	  lean	  rats	  (Waldram,	  Holmes	  et	  al.	  2009).	  However,	  other	  
studies	  have	  found	  comparable	  trends	  regarding	  formate	  excretion;	  Zucker	  diabetic	  
obese	  rats	  have	  been	  observed	  to	  excrete	  higher	  amounts	  of	  formate	  compared	  to	  
lean	   Zucker	   (fa/+)	   rats	   up	   to	   12	   weeks	   of	   age	   (Salek,	   Maguire	   et	   al.	   2007),	   and	  
formate	   was	   also	   found	   to	   be	   higher	   in	   obese	   Zucker	   rats	   compared	   to	   Wistar-­‐
derived	  rats	  at	  12	  weeks	  (Williams,	  Lenz	  et	  al.	  2005).	  Interestingly,	  the	  obese	  animal	  
from	  cage	  one	  was	  observed	  to	  excrete	  less	  formate	  towards	  the	  end	  of	  the	  study,	  
compared	  to	  the	  other	  obese	  animals.	  
	  
A	  previous	  investigation	  of	  urinary	  metabolite	  profiles	  across	  and	  within	  four	  human	  
populations	  which	  linked	  discriminatory	  metabolites	  to	  data	  for	  individuals	  on	  blood	  
pressure,	   found	   a	   positive	   correlation	   between	   energy	   intake	   and	   formate,	   and	   a	  
significant	   inverse	   association	   between	   formate	   and	   systolic	   and	   diastolic	   blood	  
pressure	   (Holmes,	   Loo	   et	   al.	   2008).	   Thus,	   the	   reduction	   in	   excretion	   of	   formate	  
towards	  the	  end	  of	   the	  study	   in	   the	  obese	  animal	   from	  cage	  one	  may	  support	   this	  
biological	   correlation,	   as	   the	   development	   of	   obesity	   is	   often	   associated	   with	  
increased	   blood	   pressure,	   and	   this	   animal	   appeared	   to	   have	   an	   increased	   rate	   of	  
phenotype	  progression,	  based	  on	  other	  biofluid	  metabolite	  trends	  observed	  (plasma	  
lipoprotein,	  and	  urinary	  creatinine	  and	  taurine).	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The	  association	  of	  formate	  excretion	  with	  blood	  pressure	  in	  the	  Zucker	  rat	  is	  unclear,	  
as	   several	   studies	   have	   reported	   contradictory	   findings	   regarding	   whether	   obese	  
Zucker	   rats	  are	  hypertensive	  compared	  with	   lean	  rats	   (Bass	  and	  Ritter	  1985;	  Kurtz,	  
Morris	   et	   al.	   1989;	   Zemel,	   Sowers	   et	   al.	   1990).	   Thus,	   the	   biological	   significance	   of	  
variation	  in	  excretion	  of	  this	  metabolite	  in	  obesity	  is	  yet	  to	  be	  fully	  elucidated.	  
	  
In	  addition	  to	  the	  potential	  association	  with	  blood	  pressure	  control,	  variation	  in	  the	  
composition	   of	   functional	   activities	   of	   the	   intestinal	   microbiota	   may	   have	   also	  
contributed	  to	  the	  phenotypic	  differences	  observed	  in	  formate	  excretion,	  as	  formate	  
is	   a	   potential	   by-­‐product	   of	   fermentation	   of	   dietary	   fibre	   by	   the	   gut	   microbiota	  
(Samuel	   and	  Gordon	  2006).	   This	  possibility	   is	   further	   supported	  by	   the	  phenotypic	  
variation	  observed	  for	  the	  urinary	  metabolites	  PAG,	  indoxyl	  sulphate	  and	  hippurate.	  
	  
In	  the	  latter	  half	  of	  the	  study,	  PAG	  and	  indoxyl	  sulphate	  were	  found	  to	  be	  higher	  in	  
the	  urine	  of	  the	  lean	  rats,	  when	  compared	  to	  the	  obese	  rats.	  Additionally,	  hippurate	  
was	  slightly	  higher	  in	  the	  lean	  rats	  throughout	  the	  study,	  except	  at	  week	  9.	  All	  three	  
metabolites	  can	  be	  considered	  trans-­‐genomic	  in	  origin	  because	  they	  can	  result	  from	  
microbial	   and	   mammalian	   co-­‐metabolism.	   PAG	   is	   the	   product	   of	   phenylalanine	  
metabolism	   in	   rodents	   (Williams	   1947),	   with	   phenylacetate	   being	   the	   immediate	  
precursor	   to	  PAG.	  Phenylacetate	   is	   then	  glycine	  conjugated	   in	   the	   liver	  and	  kidney	  
(James	   and	   Bend	   1978),	   resulting	   in	   the	   excretion	   of	   PAG.	   Published	   data	   have	  
shown	  that	  the	  majority	  of	  phenylacetate	  is	  produced	  via	  gut	  microbial	  metabolism	  
of	  protein	   in	  humans	  (Seakins	  1971;	  Delaney,	  Neville	  et	  al.	  2004).	  Thus,	  changes	   in	  
PAG	  excretion	  can	  be	  related	  to	  variation	  in	  the	  gut	  microbiota;	   indeed	  it	  has	  been	  
shown	   that	   germ-­‐free	   rats	   excrete	   very	   low	   amounts	   of	   PAG,	   but	   that	   excretion	  
increases	   when	   these	   animals	   are	   housed	   in	   a	   non-­‐sterile	   environment	   (Nicholls,	  
Mortishire-­‐Smith	  et	  al.	  2003).	  The	  synthesis	  and	  excretion	  of	  hippurate	  is	  also	  linked	  
to	  the	  gut	  microbiota;	  plant	  phenolic	  compounds	  and	  aromatic	  acids	   from	  the	  diet	  
are	  metabolised	  by	  the	  intestinal	  microbiota,	  producing	  phenylpropionic	  acid	  (PPA),	  
which	   is	   then	  converted	   to	  benzoic	  acid,	  via	  β-­‐oxidation.	  Hippurate	   is	   the	   result	  of	  
glycine	   conjugation	   with	   benzoic	   acid	   (Hutt	   and	   Caldwell	   1990).	   The	   excretion	   of	  
benzoic	   acid	   by	   germ-­‐free	   rats	   has	   been	   found	   to	   change	   significantly	   (P<0.001)	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following	   inoculation	  with	  a	  diet	  contaminated	  with	  faeces	  from	  specific	  pathogen-­‐
free	  (SPF)	  rats,	  which	  ensured	  colonisation	  of	   the	  gut	  with	  gut	  microbiota	   found	   in	  
SPF	   rats	   (Goodwin,	   Ruthven	   et	   al.	   1994).	   In	   addition,	   as	  with	   PAG,	   germ-­‐free	   rats	  
were	  shown	  to	  excrete	  increasing	  concentrations	  of	  hippurate	  following	  introduction	  
to	  a	  non-­‐sterile	  environment,	  which	  was	  thought	  to	  represent	  the	  development	  of	  a	  
stable	   gut	   microbiota	   (Nicholls,	   Mortishire-­‐Smith	   et	   al.	   2003).	   Changes	   in	   indoxyl	  
sulphate	  excretion	  may	  also	  be	  related	  to	  gut	  microbial	  variation,	  as	  it	  is	  synthesised	  
in	   the	   liver	   from	   indole,	   which	   is	   the	   product	   of	   gut	   microbial	   metabolism	   of	  
tryptophan	  (Michael,	  Drummond	  et	  al.	  1964;	  Niwa,	  Emoto	  et	  al.	  1991).	  
	  
It	   has	   been	   shown	   that	   diet	   can	   alter	   the	  microbial	  metabolism	   of	   plant	   phenolic	  
precursors,	  resulting	  in	  changes	  in	  the	  concentration	  of	  hippurate	  excreted	  (Phipps,	  
Stewart	  et	  al.	  1998).	  However,	  as	  the	  composition	  of	  the	  diet	  was	  kept	  the	  same	  for	  
all	  animals	   throughout	  the	  current	  study,	   it	  seems	  most	  probable	  that	  the	  age	  and	  
phenotype-­‐related	   variation	   in	   hippurate,	   PAG	   and	   indoxyl	   sulphate	   observed,	  
reflects	   variation	   in	   the	   composition	   or	   functional	   activities	   of	   the	   intestinal	  
microbiota.	  
	  
The	   age-­‐related	   change	   in	   hippurate	   excretion	   was	  more	   prominent	   in	   the	   obese	  
rats,	   although	   both	   strains	   exhibited	   an	   age-­‐related	   reduction	   in	   excretion.	   It	   is	  
interesting	  that	  the	  previous	  1H	  NMR	  study	  which	  compared	  Zucker	  obese	  and	  lean	  
(+/+)	  rat	  urine	  at	  week	  10,	  found	  a	  more	  significant	  difference	  in	  hippurate	  excretion	  
between	   the	   two	   strains,	   compared	   to	   the	   current	   study	   (Waldram,	  Holmes	   et	   al.	  
2009).	  However,	  it	  is	  important	  to	  note	  that	  the	  animals	  in	  this	  previous	  study	  were	  
housed	  according	  to	  strain.	  As	  changes	  in	  hippurate	  were	  most	  likely	  due	  to	  variation	  
in	   the	   gut	   microbiota,	   the	   difference	   in	   hippurate	   excretion	   seen	   in	   the	   previous	  
study	  was	   almost	   certainly	   a	   reflection	  of	   the	  differing	   gut	  microbiota	   populations	  
between	   the	   obese	   and	   lean	   strains.	   It	   is	   therefore	   possible	   that	   excretion	   of	  
hippurate	  by	  the	  lean	  rats	  in	  the	  current	  study	  was	  affected	  by	  being	  housed	  in	  the	  
same	   cages	   as	   Zucker	   obese	   animals,	   leading	   to	   ‘contamination’	   of	   bacterial	  
populations	  between	  both	  strains.	  The	  potential	  homogenising	  effect	  of	  mixed-­‐strain	  
housing	  on	  the	  composition	  of	  the	  intestinal	  microbiota	  will	  be	  explored	  later	  in	  this	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thesis,	   in	  a	  chapter	   focused	  on	   the	  profiling	  of	   the	   faecal	  microbiota	  of	   the	  Zucker	  
rats	  in	  this	  study.	  
	  
The	   finding	  of	  higher	   creatinine	  excretion	   in	   the	   lean	   rats,	   compared	   to	   the	  obese	  
rats,	   was	   consistent	   with	   previous	   studies	   (Salek,	   Maguire	   et	   al.	   2007;	   Waldram,	  
Holmes	   et	   al.	   2009).	   As	   the	   lean	   animals	   aged,	   they	   excreted	   higher	   amounts	   of	  
creatinine,	  whereas	   no	   significant	   age-­‐related	   change	  was	   observed	   for	   the	   obese	  
rats.	  The	  age-­‐related	  increase	  in	  creatinine	  excretion	  in	  the	  lean	  animals	  is	  likely	  the	  
result	   of	   increased	   muscle	   mass	   as	   the	   rats	   matured	   (Forbes	   and	   Bruining	   1976;	  
Davies,	  Heaney	  et	  al.	  2002).	  In	  contrast	  to	  this,	  it	  is	  probable	  that	  the	  lack	  of	  change	  
in	   creatinine	   excretion	   in	   the	  urine	  of	   the	  obese	   rats	   is	   a	   reflection	  of	   low	  muscle	  
mass	   due	   to	   comparatively	   decreased	   energy	   expenditure.	   Age-­‐related	   increase	   in	  
creatinine	   excretion	   in	   rats	   has	   also	   been	   attributed	   to	   an	   increase	   in	   glomerular	  
filtration	  rate	  due	  to	  renal	  development	  (Bell,	  Sadler	  et	  al.	  1991),	  although	  it	  seems	  
probable	   that	   the	   difference	   in	  muscle	  mass	   is	   the	   key	   cause	   of	   the	   difference	   in	  
creatinine	  excretion	  seen	  between	  the	  obese	  and	  lean	  Zucker	  rats	  in	  this	  study.	  
	  
An	   age-­‐related	   reduction	   in	   the	   excretion	   of	   allantoin	   was	   observed	   for	   both	   the	  
obese	   and	   lean	   rats;	   however,	   allantoin	  was	   higher	   in	   the	   urine	   of	   lean	   rats	   from	  
week	  10	  onwards	  due	   to	   the	  more	  prominent	   reduction	   in	   excretion	   in	   the	  obese	  
rats.	   The	   mechanism	   for	   the	   age-­‐related	   decrease	   in	   urinary	   allantoin	   in	   rats	   is	  
unclear,	   although	   there	   has	   been	   previous	   speculation	   of	   an	   association	   between	  
allantoin	   and	   diabetes.	   It	   was	   postulated	   that	   a	   reduction	   in	   glomerular	   filtration	  
rate,	   possibly	   as	   a	   result	   of	   diabetic	   nephropathy,	  was	   an	   underlying	   cause	   of	   the	  
lower	  amounts	  of	  urinary	  allantoin	  seen	  in	  Zucker	  diabetic	  obese	  rats,	  db/db	  mouse	  
and	   type	   2	   diabetes	   mellitus	   patients,	   compared	   to	   controls.	   Allantoin	   is	   also	   a	  
degradation	   product	   of	   nucleotide	  metabolism,	   and	   so	   the	   difference	   in	   excretion	  
between	   the	   lean	   and	   obese	   rats	   could	   also	   reflect	   of	   differences	   in	   nucleotide	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3.7.6	   Plasma	  metabolite	  profiles	  of	  the	  Zucker	  rat	  
	  
PCA	   modelling	   of	   the	   CPMG	   plasma	   spectral	   data	   demonstrated	   clear	   separation	  
between	   the	   profiles	   of	   the	   obese	   and	   lean	   phenotypes.	   There	   was	   no	   clear	  
difference	  between	  the	  profiles	  of	  the	  two	  lean	  strains.	  As	  with	  the	  single	  time-­‐point	  
urinary	   data,	   it	   was	   difficult	   to	   ascertain	  whether	   the	   housing	   of	   the	   animals	   had	  
resulted	  in	  similar	  plasma	  metabolite	  profiles	  from	  animals,	  which	  shared	  the	  same	  
cage	  environment,	  as	  strain-­‐related	  phenotypic	  variation	  dominated	  the	  model.	  The	  
obese	  animal	  from	  cage	  one	  was	  an	  outlier	  in	  the	  PCA	  model	  of	  CPMG	  plasma	  data,	  
which	  was	  consistent	  with	  the	  urinary	  analyses.	  
	  
The	   CPMG	   spectra	   demonstrated	   the	   residual	   contributions	   of	   smaller	   lipoprotein	  
constituents.	   OPLS-­‐DA	   modelling	   of	   this	   data	   indicated	   a	   significant	   difference	   in	  
lipoprotein	   resonances	   between	   the	   obese	   and	   lean	   rats,	   with	   higher	   amounts	   of	  
lipoprotein	   found	   in	   the	   obese	   rats.	   This	   is	   consistent	   with	   previous	   studies	  
(Williams,	  Lenz	  et	  al.	  2006b;	  Waldram,	  Holmes	  et	  al.	  2009),	  and	  as	  obese	  Zucker	  rats	  
are	   characterised	   by	   hyperlipidaemia,	   this	   is	   likely	   a	   reflection	   of	   dysregulation	   of	  
lipid	  biosynthesis	  in	  the	  obese	  animals	  (Schonfeld	  and	  Pfleger	  1971;	  Fukuda,	  Azain	  et	  
al.	  1982).	  
	  
Phosphocholine	  was	  observed	  to	  be	  higher	   in	  the	  obese	  rats	  compared	  to	  the	   lean	  
rats,	   which	   may	   be	   of	   particular	   relevance	   when	   considered	   together	   with	   the	  
finding	  of	  higher	  TMAO	  in	  the	  plasma	  and	  urine	  of	  the	  lean	  animals.	  A	  recent	  study	  
hypothesised	  that	  the	  genetic	  predisposition	  of	  the	  129S6	  mouse,	  on	  a	  high	  fat	  diet,	  
to	  nonalcoholic	   fatty	   liver	  disease	   (NAFLD)	  and	   impaired	  glucose	  homeostasis,	  was	  
associated	  with	  microbially-­‐mediated	  disruption	  of	  choline	  metabolism.	  The	  authors	  
observed	   low	   circulating	   levels	   of	   plasma	   phosphatidylcholine	   and	   high	   urinary	  
excretion	   of	   methylamines,	   including	   TMAO;	   it	   was	   postulated	   that	   conversion	   of	  
methylamines	   by	   the	   gut	  microbiota	   reduced	   the	   bioavailability	   of	   choline	   for	   the	  
host,	  contributing	  to	  NAFLD	  (Dumas,	  Barton	  et	  al.	  2006).	  The	  opposite	  scenario	  has	  
occurred	  in	  the	  obese	  rats	  in	  this	  study;	  it	  therefore	  seems	  possible	  that	  variation	  in	  
the	   gut	   microbiota	   of	   the	   obese	   rats	   could	   have	   resulted	   in	   higher	   plasma	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phosphocholine,	  and	  lower	  urinary	  TMAO,	  compared	  to	  the	  lean	  rats.	  Interestingly,	  a	  
recent	   study	   established	   a	   connection	   between	   the	   intestinal	   microbiota,	   dietary	  
phosphatidylcholine	  (PC)	  and	  cardiovascular	  disease	  risk	  (CVD).	  The	  study	  confirmed	  
that	   the	   intestinal	  microbiota	  are	   required	   to	  produce	  TMAO	   from	  dietary	  PC,	  and	  
also	   found	   that	   plasma	   TMAO	   concentrations	   directly	   correlated	   with	   clinical	  
atherosclerotic	  plaque	  burden	  in	  individuals,	  and	  atherosclerotic	  plaque	  size	  in	  mice	  
(Wang,	  Klipfell	  et	  al.	  2011).	  However,	  it	  is	  unclear	  as	  to	  how	  this	  latter	  finding	  relates	  
to	  the	  results	  presented	  here,	  as	  it	  would	  be	  expected	  that	  the	  lean	  rats	  in	  this	  study	  
would	  be	  at	  a	  lower	  CVD	  risk,	  compared	  to	  the	  obese	  animals.	  
	  
The	  finding	  of	  higher	  acetoacetate,	  as	  well	  as	  ketogenic	  amino	  acids	  valine,	   leucine	  
and	  isoleucine,	  in	  the	  obese	  rats	  compared	  to	  lean	  rats	  is	  in	  agreement	  with	  previous	  
findings	  comparing	  these	  two	  strains	  (Waldram,	  Holmes	  et	  al.	  2009).	  Acetoacetate	  is	  
a	   ketone	   body	   that	   increases	   during	   fatty	   acid	   metabolism	   when	   there	   is	   limited	  
availability	  of	  carbohydrates;	   it	   is	  the	  predominant	  ketone	  body	  in	  man,	  along	  with	  
3-­‐β-­‐hydroxybutyrate	   (Veech,	   Chance	   et	   al.	   2001).	   Significantly	   raised	   plasma	   and	  
urinary	  acetoacetate	  can	  be	  a	  marker	  of	  diabetic	  ketoacidosis	  (DKA),	  a	  state	  where	  
high	  concentrations	  of	  ketone	  bodies	  are	  produced	  as	  a	   result	  of	   low	   insulin	   levels	  
and	   high	   concentrations	   of	   counter-­‐regulatory	   hormones.	   DKA	   is	   characterised	   by	  
raised	  blood	  glucose,	   increased	  ketone	  bodies	   in	   the	  blood	  and	  metabolic	   acidosis	  
(Laffel	   1999).	   As	   the	   Zucker	   obese	   rats	   in	   this	   study	   were	   not	   hyperglycaemic	   by	  
week	   14,	   when	   the	   plasma	   samples	   were	   taken,	   it	   is	   improbable	   that	   the	   higher	  
plasma	   acetoacetate	   in	   the	   obese,	   compared	   to	   the	   lean	   animals,	   reflects	   the	  
development	  of	  DKA.	  Nonetheless,	   it	   is	   an	   interesting	   finding,	  especially	   in	   light	  of	  
several	  studies	  which	  reported	  decreased	  ketogenesis	   in	  the	   livers	  of	  obese	  Zucker	  
rats,	   compared	   to	   lean	   Zucker	   rats	   (Nosadini,	   Ursini	   et	   al.	   1980;	   Azain	   and	   Ontko	  
1989).	  Interestingly,	  an	  investigation	  of	  hepatocytes	  from	  11	  week	  old	  Zucker	  obese	  
and	   lean	   (+/+)	   rats	   fed	   on	   either	   a	   control	   or	   high	   fat	   diet,	   found	   that	   the	  
hepatocytes	   from	   obese	   Zucker	   rats	   on	   the	   high	   fat	   diet	   produced	   lower	   β-­‐
hydroxybutyrate	  compared	  to	   the	   lean	  rats.	  However,	   the	  hepatocytes	   from	  obese	  
Zucker	  rats	  on	  the	  high	  fat	  diet	  produced	  higher	  acetoacetate	  compared	  to	  the	  lean	  
rats	  (Oussadou,	  Griffaton	  et	  al.	  1996).	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Despite	   the	   lack	   of	   hyperglycaemia	   present	   in	   the	   obese	   rats,	   the	   combination	   of	  
higher	  ketogenic	  amino	  acids	  and	  acetoacetate	  found	  in	  the	  obese,	  compared	  to	  the	  
lean	  rats,	  may	  be	  indicative	  of	  their	  state	  of	  hyperinsulinaemia	  and	  the	  progression	  
towards	  dysregulation	  of	  blood	  glucose.	  The	  outlier	  animal	  from	  cage	  one	  was	  found	  
to	  have	  higher	  lipoprotein,	  phosphocholine	  and	  acetoacetate	  resonances	  compared	  
to	  the	  other	  obese	  animals,	  which,	  as	  with	  the	  urinary	  spectral	  data,	   indicates	  that	  
the	  disease	   state	  of	   this	   animal	  had	  progressed	  at	  an	   increased	   rate,	   compared	   to	  
the	  other	  obese	  animals.	  	  
	  
3.8	   Conclusions	  
	  
The	  obese	  and	  lean	  Zucker	  rats	  were	  found	  to	  be	  distinguishable	  at	  every	  time	  point	  
across	  the	  ten	  weeks	  of	  the	  study,	  based	  on	  multivariate	  statistical	  analyses	  of	  their	  
1H	  NMR-­‐generated	  urinary	  metabolite	  profiles,	  with	  more	  pronounced	  differences	  in	  
relative	  urinary	  concentrations	  of	  metabolites	  observed	  as	  the	  study	  progressed	  and	  
the	  obese	  phenotype	  evolved.	  
	  
The	   development	   of	   the	   obese	   phenotype	   was	   associated	   with	   age-­‐related	  
decreases	   in	   excretion	   of	   TCA	   cycle	   intermediates,	   and	   consistently	   lower	   relative	  
concentrations	   of	   urinary	   creatinine,	   compared	   to	   the	   lean	   animals,	   reflecting	  
increased	  energy	  intake	  and	  reduced	  physical	  exertion	  and	  muscle	  mass	  in	  the	  obese	  
animals.	  
	  
Several	   intestinal	   microbiome-­‐host	   co-­‐metabolites	   were	   found	   to	   phenotypically	  
vary	   in	   the	   urinary	   profiles,	   including:	   formate,	   indoxyl	   sulphate	   and	   PAG.	   These	  
differences	  may	  be	  indicative	  of	  phenotypic	  variation	  in	  the	  composition	  or	  activities	  
of	   the	   intestinal	   microbiota.	   Further	   investigation	   in	   to	   the	   composition	   of	   the	  
intestinal	   microbiota	   of	   these	   animals	   will	   be	   discussed	   later	   in	   this	   thesis,	   in	   a	  
chapter	   focused	   on	   the	   profiling	   of	   the	   faecal	   microbiota	   of	   the	   Zucker	   rats	   via	  
pyrosequencing.	  This	  work	  may	  also	  reveal	  whether	  there	  was	  ‘cross	  contamination’	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of	  bacterial	  populations	  between	   the	  obese	  and	   lean	   strains	   that	   shared	   the	   same	  
cage.	  
	  
The	  obese	  animals	  were	  also	  observed	  to	  excrete	  reduced	  relative	  concentrations	  of	  
taurine	  from	  ten	  weeks	  of	  age,	  a	  finding	  possibly	  indicative	  of	  a	  loss	  of	  blood	  glucose	  
control.	  The	  analysis	  of	  plasma	  samples	  also	  showed	  evidence	  of	  dysregulated	  blood	  
glucose	   control	   and	   fatty	   acid	   oxidation	   in	   the	   obese	   rats,	   with	   increased	   relative	  
concentrations	  of	  ketone	  bodies	  and	  ketogenic	  acids	  in	  the	  obese	  animals,	  compared	  
to	  the	  lean.	  The	  plasma	  analysis	  showed	  that	  plasma	  lipoproteins	  were	  significantly	  
increased	   in	   the	   obese	   samples,	   compared	   to	   the	   lean,	   reflecting	   dyslipidaemia.	  
Additionally,	   the	   increased	   plasma	   phosphocholine,	   and	   reduced	   plasma	   TMAO,	  
observed	   in	   the	   obese	   animals,	   indicated	   that	   there	   might	   be	   differences	   in	   the	  
intestinal	  microbiota	  and/or	  methylamine	  metabolism	  between	  the	  obese	  and	  lean	  
animals.	  
	  
PCA	  modelling	   of	   the	   urinary	   and	   plasma	   spectral	   data	   revealed	   an	   outlier	   obese	  
animal	  from	  cage	  one,	  which	  appeared	  to	  have	  had	  an	  increased	  rate	  of	  phenotype	  
progression.	  Compared	   to	  all	   the	  other	  obese	  animals,	   the	  outlier	   animal	  excreted	  
lower	  amounts	  of	  taurine,	  allantoin,	  creatinine	  and	  formate	  as	  the	  study	  progressed,	  
and	  exhibited	  higher	  amounts	  plasma	  lipoprotein,	  phosphocholine	  and	  acetoacetate.	  
This	   result	   particularly	   highlighted	   reduced	   taurine	   and	   formate	   excretion	   as	  
biologically	   significant	   in	   the	  development	  of	  metabolic	   syndrome,	   and	   collectively	  
indicated	   an	   increased	   development	   of	   dyslipidaemia,	   and	   disrupted	   fatty	   acid	  
metabolism	   and	   glucose	   control	   in	   this	   animal.	   These	   results	   were	   particularly	  
interesting	   in	   light	   of	   the	   reduced	   weight	   of	   this	   animal	   at	   the	   end	   of	   the	   study,	  
relative	   to	   all	   the	   other	   obese	   animals,	   and	   indicated	   that	   the	   biofluid	  metabolite	  
profiles	   were	   more	   directly	   correlated	   with	   metabolic	   syndrome	   progression,	  
compared	  to	  weight	  gain.	  
	  
Evidence	   of	   cage-­‐related	   clustering	   of	   samples	   may	   have	   been	   apparent,	   but	   the	  
differences	  arising	  from	  strain-­‐related	  phenotypic	  variation	  dominated	  the	  models	  of	  
both	   the	  urinary	   and	  CPMG	  plasma	  data.	   Further	  work	   exploring	   the	   effect	   of	   the	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cage	  environment	  on	  host	  metabolism	  and	  intestinal	  microbiota	  composition	  will	  be	  
investigated	  in	  the	  following	  chapters	  of	  this	  thesis.	  
	  
Other	   factors	   still	   need	   to	   be	   examined	   in	   this	   study;	   sexual	   maturity	   (at	  
approximately	  five	  to	  seven	  weeks	  of	  age)	  will	  have	  affected	  the	  metabolite	  profiles	  
of	   the	   animals,	   and	   the	  additional	   factor	  of	   infertility	   in	  homozygous	  obese	   (fa/fa)	  





















Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   117	  
	  
4.	   1H	  NMR-­‐based	  metabonomic	  profiling	  of	  aqueous	  faecal	  
extracts	  in	  the	  Zucker	  rat	  
	  
4.1	   Summary	  
	  
1H	  NMR	  faecal	  metabolite	  profiles	  provide	  information	  relating	  to	  both	  endogenous	  
and	   intestinal	   microbiome	   metabolism,	   with	   the	   latter	   implicated	   in	   obesity	   in	  
several	  studies.	  The	   intestinal	  bacterial	  profiles	  of	   lean	  and	  obese	  Zucker	   rats	  have	  
previously	  been	  shown	  to	  differ;	  however,	  as	  the	  animals	  were	  housed	  according	  to	  
genotype,	   some	   of	   the	   reported	   differences	   may	   have	   simply	   resulted	   from	   the	  
microenvironment	  within	  each	  cage.	  Therefore,	  we	  designed	  a	  study	  to	  address	  this	  
confounding	  factor,	  with	   lean	  and	  obese	  Zucker	  rats	  housed	  within	  the	  same	  cage.	  
The	  effect	  of	  mixed-­‐strain	  housing	  of	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  (fa/+),	  Zucker	  
rats	   on	   the	   evolution	   and	   development	   of	   the	   faecal	   metabolite	   profile	   over	   the	  
course	  of	  ten	  weeks	  was	  investigated	  using	  1H	  NMR	  spectroscopy	  of	  aqueous	  faecal	  
extracts	  and	  multivariate	  statistics.	  A	   total	  of	  18	  animals	  were	  housed	   in	  six	  cages,	  
each	   containing	   one	   animal	   from	   each	   strain;	   samples	   were	   collected	   at	   weekly	  
intervals	   from	   five	   to	   fourteen	  weeks	  of	   age.	   PCA	  was	  used	   to	  model	   the	   spectral	  
data,	   and	   revealed	   a	   clear	   age-­‐related	   trend,	   further	   confirmed	   with	   orthogonal	  
projections	  to	  latent	  structures	  (OPLS)	  analysis.	  The	  loadings	  revealed	  a	  trend	  of	  an	  
age-­‐related	   reduction	   in	   relative	   faecal	   concentrations	   of	   amino	   acids	   (isoleucine,	  
leucine,	   lysine,	   methionine,	   phenylalanine,	   threonine,	   valine,	   alanine,	   aspartate,	  
glutamate,	  glutamine,	  glycine,	  proline	  and	  tyrosine),	   lactate	  and	  n-­‐butyrate,	  and	  an	  
increase	  in	  acetate,	  ethanol,	  methanol	  and	  propionate.	  PCA	  modelling	  revealed	  that	  
subtle	   differences	   in	   the	   faecal	   metabolome	   associated	   with	   the	   cage	  
microenvironment	  were	  evident	  when	  the	  animals	  were	  7-­‐10	  weeks	  old.	  Orthogonal	  
projections	   to	   latent	   structures	   discriminant	   analysis	   (OPLS-­‐DA)	   detected	   slight	  
differences	  between	  the	  faecal	  metabolite	  profiles	  of	  the	  obese	  and	  lean	  phenotypes	  
when	   the	  animals	  were	   five	  weeks	  old,	  with	  glucose	   slightly	  elevated	   in	   the	  obese	  
samples.	  No	  differences	  were	  observed	  between	  the	  two	  lean	  strains.	  Metabonomic	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   118	  
	  
profiling	  of	  the	  faecal	  metabolome	  in	  the	  obese	  Zucker	  rat	  revealed	  significant	  age-­‐
associated	   metabolic	   alterations	   relating	   to	   age-­‐related	   variation	   in	   nutritional	  
intake,	   host	   physiological	   metabolism	   and	   the	   development	   of	   an	   established	  
intestinal	  microbiota.	  	  
	  
4.2	   Aim	  
	  
To	  investigate	  the	  effect	  of	  mixed-­‐strain	  housing	  of	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  
(fa/+),	   Zucker	   rats	   on	   the	   evolution	   and	   development	   of	   the	   faecal	   metabolic	  
phenotype	   of	   the	   animals	   from	   five	   to	   fourteen	   weeks	   of	   age,	   using	   1H	   NMR	  
spectroscopy	  and	  multivariate	  statistics.	  
	  
4.3	   Objectives	  
	  
• Investigate	  the	  age-­‐related	  changes	  in	  faecal	  metabolite	  profiles	  associated	  with	  
the	  progression	  of	  an	  obese	  disease	  state	  in	  the	  obese	  Zucker	  rat	  
• Examine	   variation	   in	   the	   faecal	   metabolome	   relating	   to	   the	   cage	  
microenvironment	  
• Assess	  whether	   any	   faecal	  metabolite	   differences	   exist	   between	   the	   two	   lean	  
strains	  of	  the	  Zucker	  rat	  
	  
4.4	   Introduction	  
	  
Our	  knowledge	  regarding	  the	  contribution	  of	  the	  intestinal	  microbiota	  to	  host	  health	  
is	   growing	   (Nicholson,	   Holmes	   et	   al.	   2012),	   with	   observations	   of	   disrupted	   host-­‐
intestinal	   microbiota	   interaction	   associated	   with	   diseases	   such	   as	   inflammatory	  
bowel	  disease	  (Garrett,	  Gallini	  et	  al.	  2010),	  irritable	  bowel	  syndrome	  (Tana,	  Umesaki	  
et	  al.	  2010),	  colorectal	  carcinoma	  (Castellarin,	  Warren	  et	  al.	  2012;	  Kostic,	  Gevers	  et	  
al.	  2012),	  and	  cardiovascular	  disease	  (Wang,	  Klipfell	  et	  al.	  2011).	  Additionally,	  several	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studies	   have	   highlighted	   the	   significance	   of	   the	   contribution	   of	   the	   intestinal	  
microbiota	   to	   obesity	   and	   energy	   metabolism	   (Ley,	   Bäckhed	   et	   al.	   2005;	   Ley,	  
Turnbaugh	   et	   al.	   2006;	   Guo,	   Xia	   et	   al.	   2008;	   Turnbaugh,	   Hamady	   et	   al.	   2009;	  
Waldram,	  Holmes	  et	  al.	  2009).	  
	  
Metabonomic	   analysis	   of	   aqueous	   faecal	   extracts	   provides	   a	   non-­‐invasive,	   high-­‐
throughput	   means	   of	   gaining	   insight	   in	   to	   the	   functional	   output	   of	   the	   intestinal	  
microbiota,	   and	   host-­‐microbiota	   interactions.	   As	   with	   urine	   samples,	   the	   non-­‐
invasive	   nature	   of	   faecal	   sample	   collection	   allows	   for	   temporal	   variation	   to	   be	  
investigated	  easily	  in	  rodent	  studies.	  This	  latter	  advantage	  is	  of	  particular	  relevance	  
to	  the	  experiments	  encompassed	  by	  this	  thesis,	  as	  it	  allows	  for	  comparison	  with	  the	  
urine	  sample	  temporal	  data,	  and	  also	  the	  data	  collected	  regarding	  the	  compositional	  
faecal	  bacterial	  profiles	  of	  the	  animals	  as	  they	  aged.	  	  
	  
Additionally,	   there	   is	   a	   growing	   interest	   in	   how	   the	   intestinal	  microbiota	   develops	  
with	  age	  from	  birth,	  through	  infancy,	  puberty	  and	  in	  to	  old	  age	  (Mariat,	  Firmesse	  et	  
al.	   2009;	  O'Toole	   and	  Claesson	  2010;	  Nicholson,	  Holmes	   et	   al.	   2012),	   and	  as	   such,	  
there	   is	   a	   need	   to	   understand	   how	   the	   functional	   output	   of	   the	  microbiota	   varies	  
with	   age	   in	   order	   to	   fully	   understand	   how	   host-­‐microbiome	   interactions	   develop	  
from	   infancy	   to	   adulthood,	   in	   health	   and	   disease.	   Here,	   1H	   NMR	   metabonomic	  
profiling	   has	   been	   applied	   to	   the	   temporal	   analysis	   of	   aqueous	   faecal	   extracts	   in	  
maturing	  obese	  and	   lean	  Zucker	  rats,	   to	  further	  understand	  the	  effect	  of	  age,	  cage	  










Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   120	  
	  
4.5	   Materials	  and	  methods	  
	  
4.5.1	   Animals	  and	  sample	  collection	  
	  
Please	  see	  Materials	  and	  Methods	  chapter	  (Animals	  and	  sample	  collection)	  for	  
details	  of	  animal	  housing	  and	  sample	  collection.	  
	  
4.5.2	   Sample	  preparation	  	  
	  
The	   faecal	   water	   extracts	   were	   prepared	   for	   1H	   NMR	   spectroscopic	   analysis	   as	  
described	  in	  the	  Materials	  and	  Methods	  chapter.	  
	  
4.5.3	   1H	  NMR	  spectroscopy	  	  
	  
1H-­‐NMR	   spectra	   of	   faecal	   water	   extracts	   were	   acquired	   using	   a	   600	   MHz	   Bruker	  
Avance	   DRX600	   spectrometer	   (Rheinstetten,	   Germany)	   with	   a	   5mm	   BBI	   probe	  
operating	   at	   600.13	   MHz	   1H	   frequency.	   The	   field	   frequency	   was	   locked	   on	   D2O	  
solvent.	  Samples	  were	  run	  by	  automation	  using	  a	  Bruker	  Automatic	  Sample	  Changer	  
(B-­‐ACS).	  A	  standard	  one-­‐dimensional	  pulse	  sequence	  was	  used:	  RD-­‐90o-­‐t-­‐90o-­‐tm-­‐90o-­‐
acquire	   free	   induction	   decay	   (FID)	   [t	   =	   3	   μs].	   The	  water	   resonance	  was	   selectively	  
irradiated	  during	   the	  relaxation	  delay	   (RD)	  of	  2	  s	  and	  again	  during	   the	  mixing	   time	  
(tm)	  of	  100	  ms.	  The	  90o	  pulse	  length	  was	  adjusted	  to	  14.50	  μs	  and	  the	  temperature	  
was	  kept	  constant	  at	  300	  K.	  128	  scans	  were	  recorded	  into	  64k	  data	  points.	  
	  
4.5.4	   Data	  analysis	  	  	  
	  
The	  acquired	  NMR	  spectra	  were	  auto-­‐corrected	   for	  phase	  and	  baseline	  distortions	  
and	   also	   referenced	   to	   the	   internal	   standard,	   TSP,	   at	   δ0.0,	   using	   an	   in-­‐house	  
program,	  ‘NMRproc’,	  developed	  by	  Dr	  T	  Ebbels	  and	  Dr	  H	  Keun,	  Imperial	  College.	  The	  
spectra	  were	   then	  exported	   into	  MATLAB	   (MathWorks)	  and	  digitised	  using	  a	  script	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developed	   in-­‐house.	   The	   spectral	   regions	   containing	   TSP	   and	   water	   [δ4.6-­‐5.2]	  
resonances	  were	  excised.	  The	  spectra	  were	  aligned	  using	  an	   in-­‐house	  algorithm	  to	  
adjust	  for	  shifts	  in	  peak	  position	  in	  the	  spectra	  due	  to	  small	  pH	  differences	  between	  
samples	   (Veselkov,	   Lindon	   et	  al.	   2008).	  The	   spectral	  data	  were	   then	  normalised	   to	  
the	  probabilistic	  quotient	  to	  partially	  compensate	  for	  differences	  in	  sample	  dilution.	  
The	   data	   were	   then	   imported	   in	   to	   SIMCA	   11.5	   (Umetrics	   2006),	   where	   PCA	   was	  
performed	   (data	   were	   mean-­‐centred).	   OPLS-­‐DA	   and	   STOCSY	   were	   performed	   in	  
MATLAB,	   using	   a	   procedure	   developed	   in-­‐house	   (Cloarec,	   Dumas	   et	   al.	   2005);	   the	  
OPLS-­‐DA	   models	   were	   constructed	   using	   unit-­‐variance	   scaled	   and	   mean	   centred	  
NMR	  data	  as	  the	  descriptor	  matrix	  and	  class	  information	  as	  the	  response	  variable.	  
	  
Selected	  metabolites	  were	  integrated	  using	  an	  in-­‐house	  script	  written	  by	  Dr	  R	  Cavill.	  
This	  was	  performed	  on	  normalised	  data	  to	  generate	  the	  relative	  spectral	  intensities	  
of	  metabolites.	  Univariate	   statistical	  analysis	  was	  performed	  on	   the	   integral	   values	  
using	  Graphpad	  Prism	  (GraphPad	  Software,	  San	  Diego,	  CA).	  The	  data	  were	  assessed	  
for	   normality	   using	   the	   D'Agostino-­‐Pearson	   test.	   The	   difference	   between	   samples	  
from	  weeks	  five	  and	  fourteen	  was	  assessed	  using	  Welch’s	  t	  test,	  as	  the	  samples	  were	  
not	  judged	  to	  have	  equal	  variance.	  
	  
	  
As	   explained	   in	   the	   previous	   chapter,	   a	   Bonferroni	   correction	   is	   recommended	   to	  
address	   the	   problem	   of	   multiple	   comparisons	   when	   applying	   univariate	   statistical	  
analysis	   to	  multivariate	   data	   sets.	   In	   the	   results	   reported	   here,	   only	   nine	   targeted	  
faecal	   metabolites	   were	   subjected	   to	   univariate	   statistical	   analysis,	   and	   thus,	   the	  
adjusted	   p-­‐value	   cut	   off	   was	   calculated	   as	   0.005	   (0.05/9).	   Due	   to	   the	   limitations	  
mentioned,	   the	   statistical	   significance	   of	   the	   results	   here	   should	   be	   validated	  
externally	  to	  verify	  the	  observations.	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4.6	   Results	  
4.6.1	   1H	  NMR	  spectroscopy	  of	  faecal	  water	  extracts	  
	  
Typical	   1H	  NMR	  spectra	  of	   samples	   from	  a	  homozygous	   lean	  animal	  at	   five	  and	  14	  
weeks	   of	   age,	   are	   shown	   (Figure	   38);	   short	   chain	   fatty	   acids	   (SCFAs;	   n-­‐butyrate,	  
acetate	   and	   propionate),	   ethanol,	   methanol,	   lactate,	   branched	   chain	   amino	   acids	  
(BCAAs)	   and	   other	   amino	   acids	   were	   the	   principal	   molecular	   species	   detected,	  
consistent	  with	  previous	  published	  rat	  spectra	  of	   faecal	  extracts	  (Saric,	  Wang	  et	  al.	  
2008).	  Visual	   inspection	  of	   the	   spectra	   indicated	   that	   the	   samples	   collected	  at	   five	  
weeks	  of	  age	  had	  greater	  signal	  intensities	  for	  BCAAs	  and	  other	  amino	  acids	  such	  as	  
phenylalanine	  and	  tyrosine,	  and	  lower	  intensities	  for	  ethanol,	  compared	  to	  samples	  
collected	  at	  fourteen	  weeks	  of	  age.	  Comparison	  of	  samples	  from	  differing	  genotypes	  
or	   cages	   by	   visual	   inspection	   did	   not	   expose	   any	   obvious	   differences,	   though	  
variation	  in	  low-­‐concentration	  metabolites	  would	  be	  overlooked	  using	  this	  approach.	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Figure	  38:	  Typical	  600	  MHz	  1H	  NMR	  spectra	  of	  faecal	  water	  extracts	  at	  age	  5	  and	  14	  weeks;	  the	  frequency	  range	  
containing	   the	   water	   resonance	   [δ4.6-­‐5.0]	   has	   been	   removed.	   Key:	   1,	   n-­‐butyrate;	   2,Leucine;	   3,	   Isoleucine;	   4,	  
Valine	   	   ;	   5,	   Propionate;	   6,	   a-­‐ketoisovalerate;	   7,	   Ethanol;	   8,	   Lactate;	   9,	   Threonine;	   10,	   Lysine;	   11,	   Alanine;	   12,	  
Arginine;	  13,	  Acetate;	  14,	  Proline;	  15,	  Methionine;	  16,	  Glutamine;	  17,	  Glutamate;	  18,	  Succinate;	  19,	  Aspartate;	  
20,	   Trimethylamine;	   21,	   Methanol;	   22,	   α-­‐glucose;	   23,	   Glycine;	   24,	   β-­‐glucose;	   25,	   Uracil;	   26,	   Fumarate;	   27,	  
Tyrosine;	  28,	  Phenylalanine;	  29,	  Formate.	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4.6.2	   Unsupervised	  multivariate	  analysis:	  PCA	  modelling	  of	  1H	  NMR	  faecal	  
extract	  spectral	  data	  
	  
PCA	  was	  used	  as	  an	  initial	  unsupervised	  multivariate	  method	  to	  gain	  an	  overview	  of	  
the	  variation	   in	   the	   samples,	  and	   to	  visualise	  any	   trends	  associated	  with	   the	   three	  
sources	  of	  variation	  considered	  in	  this	  study:	  age,	  genotype	  and	  cage	  environment.	  	  
	  
To	  begin	  with,	  unit-­‐variance	  scaled	  data	  was	  employed	  as	  a	  scaling	  method	  prior	  to	  
PCA	   analysis.	   This	   is	   often	   seen	   as	   the	  most	   un-­‐biased	   choice,	   as	   each	   variable	   is	  
given	  equal	  importance	  in	  the	  model.	  However,	  U.V.	  scaling	  resulted	  in	  PCA	  models	  
with	   poor	   R2	   and	  Q2	   values,	   and,	   importantly,	   it	  was	   not	   possible	   to	   interpret	   the	  
loadings	   from	   the	   auto-­‐scaled	   models,	   as	   a	   ‘cloud’	   of	   loading	   variables	   was	  
generated	  for	  each	  model,	  with	  no	  way	  of	   judging	  which	  were	  the	  key	  metabolites	  
that	  contributed	   to	   the	  majority	  of	  variation	   in	   the	  model.	  Together,	   this	  evidence	  
indicated	   that	   there	   was	   a	   risk	   that	   the	   auto-­‐scaled	   models	   were	   potentially	  
modelling	   noise,	   rather	   than	   systematic	   biological	   variation.	   Thus,	   mean-­‐centred	  
data	  (with	  no	  scaling)	  were	  used	  to	  initially	  model	  the	  variation	  in	  the	  data.	  
	  
A	   PCA	   model,	   with	   mean-­‐centred	   data,	   was	   first	   constructed	   with	   all	   samples	  
included	   (all	   genotypes,	   samples	   time	   points	   and	   cages),	   with	   the	   data	   points	  
coloured	   according	   to	   different	   sample	   attributes,	   so	   as	   to	   quickly	   determine	  
whether	  separation	  or	  trends	  occurred	  for	  each	  source	  of	  variation.	  The	  model	  was	  
generated	  using	  five	  PCs	  in	  total	  (Figure	  39);	  PC1	  and	  PC2	  are	  shown	  as	  they	  describe	  
72.7%	  of	   the	  variation	   (out	  of	  a	   total	  89%	  described	  by	   the	  model).	  However,	  PC1	  
and	  PC2	  do	  not	  appear	  to	  describe	  any	  variation	  specifically	  associated	  with	  the	  age	  
of	  the	  animal	  at	  sample	  collection,	  genotype	  or	  cage	  environment	  particularly.	  The	  
only	  finding	  of	  note	  from	  the	  corresponding	  loadings	  was	  of	  higher	  relative	  acetate	  
concentrations	  in	  samples	  from	  animals	  aged	  8,	  9,	  10	  and	  11	  weeks	  from	  cage	  three,	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The	   model	   was	   then	   probed	   thoroughly	   for	   variation	   associated	   with	   any	   of	   the	  
three	   sources	   of	   variation	   of	   interest	   in	   this	   study,	   by	   creating	   scores	   plots	   using	  
every	   principal	   component	   combination	   (PC1	   to	   PC5);	   however,	   no	   combination	  
highlighted	   clear	   genotype	   or	   cage-­‐related	   trends.	   Conversely,	   the	   age-­‐related	  
variation	  was	  described	  by	  a	  number	  of	  combinations,	  with	  PC3	  and	  PC4	  appearing	  
to	  show	  the	  most	   linear	  trajectory	   in	  the	  scores	  plot	   (Figure	  40).	  The	  scores	  plot	   is	  
also	  shown	  coloured	  according	  to	  genotype	  and	  cage	  in	  order	  to	  highlight	  the	  lack	  of	  
clear	  trends	  associated	  with	  these	  sources	  of	  variation,	  despite	  the	  clear	  age-­‐related	  
pattern.	  	  	  
	  
Additionally,	   the	   plot	   coloured	   by	   genotype	   (Figure	   40,	   B)	   served	   as	   a	   contrast	  
between	  the	  analysis	  of	  the	  faecal	  samples	  with	  that	  of	  the	  urine	  samples,	  as	  it	  was	  
possible	  to	  visualise	  the	  variation	  associated	  with	  both	  age	  and	  phenotype	  in	  a	  single	  
scores	  plot	  with	  the	  latter	  biofluid.	  The	  loadings	  for	  the	  model	  of	  the	  faecal	  extract	  
spectral	  data	  indicated	  that	  the	  most	  significant	  metabolite	  changes	  associated	  with	  
aging	   were	   a	   decrease	   in	   glycine,	   methionine	   and	   alanine	   and	   an	   increase	   in	  
methanol,	  ethanol	  and	  propionate.	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Figure	  39:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	   faecal	  water	  extract	  samples	  collected	  from	  all	  
animals	  at	  all	  time	  points	  (mean	  centred	  data;	  R2	  =	  0.89,	  Q2	  =	  0.77).	  Principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  
are	  shown	  with	  the	  percentage	  of	  explained	  variance	  described	  by	  each	  component.	  No	  samples	  were	  removed	  
as	   outliers.	   A:	   Samples	   are	   coloured	   according	   to	   the	   age	   (in	   weeks)	   at	   which	   the	   sample	   was	   collected.	   B:	  
Samples	   are	   coloured	   according	   to	   the	   genotype	   of	   the	   animal,	   the	   numbers	   represent	   the	   age	   of	   sample	  
collection.	  C:	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal,	  the	  time	  points	  are	  not	  shown	  to	  
aid	  visualisation	  of	  potential	  trends,	  but	  can	  be	  found	  in	  B	  for	  reference.	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Figure	  40:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	   faecal	  water	  extract	  samples	  collected	  from	  all	  
animals	  at	  all	  time	  points	  (mean	  centred	  data;	  R2	  =	  0.94,	  Q2	  =	  0.89).	  Principal	  components	  3	  and	  4	  (PC3	  and	  PC4)	  
are	   shown	  with	   the	  percentage	  of	   explained	   variance	  described	  by	   each	   component.	  A:	   Samples	   are	   coloured	  
according	   to	   the	   age	   (in	  weeks)	   at	  which	   the	   sample	  was	   collected.	   B:	   Samples	   are	   coloured	   according	   to	   the	  
genotype	  of	  the	  animal.	  C:	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  The	  scores	  plot	  in	  (A)	  
can	   be	   used	   as	   a	   reference	   for	   the	   sample	   time	   points;	   the	   time	   points	   are	   not	   shown	   in	   (B)	   and	   (C)	   to	   aid	  
visualisation	  of	  potential	  trends.	  Six	  samples	  were	  removed	  as	  outliers,	  due	  to	  abnormally	  high	  ethanol,	  lactate,	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Although	   PC3	   and	   PC4	   were	   the	   best	   combination	   for	   describing	   the	   age-­‐related	  
trend,	  together	  they	  only	  covered	  11.9%	  of	  the	  total	  variation	  in	  the	  model	  (94%	  for	  
all	  6	  PCs	  in	  total).	  This	  finding,	  and	  further	  interrogation	  of	  the	  raw	  data,	  appeared	  to	  
demonstrate	   that	   the	  mean-­‐centred	  model	  was	  highly	   influenced	  by	  high-­‐variance	  
metabolites,	   in	   particular	   acetate,	   which	   did	   not	   show	   systematic	   variation.	   Even	  
after	   removing	  outliers	   from	   the	  model,	  which	   appeared	   to	   show	  abnormally	  high	  
acetate	  in	  some	  samples,	  variation	  in	  this	  metabolite	  still	  appeared	  to	  dominate	  the	  
loadings	  and	  the	  variation	  seen	  in	  the	  scores	  plot	  for	  the	  model.	  	  
	  
To	   partially	   counter	   this	   effect,	   Pareto-­‐scaling	   was	   employed	   as	   a	   compromise	  
between	  unit-­‐variance	  scaled	  data	  and	  no	  scaling	  method,	  in	  order	  to	  capture	  some	  
of	  the	  variation	  attributed	  to	  low-­‐concentration	  metabolites,	  without	  amplifying	  the	  
noise	   in	   the	  data	  excessively.	  A	  Pareto-­‐scaled	  model	  was	  created	  using	  all	   samples	  
from	   all	   time	   points.	  With	   this	   new	   approach,	   the	   age-­‐related	   trend	   in	   the	   faecal	  
data	   is	   captured	  by	  plotting	  PC1	  against	  PC2	   (39.5%	  combined	  explained	  variance)	  
(Figure	   41).	   In	   addition,	   the	   loadings	   from	   this	   model	   were	   easily	   interpretable,	  
indicating	  that	  noise	  in	  the	  model	  had	  not	  been	  greatly	  exaggerated.	  	  
	  
The	   model	   loadings	   were	   interpreted	   with	   a	   view	   to	   understanding	   the	   age-­‐
associated	  faecal	  variation,	  and	  indicated	  that	  aging	  was	  associated	  with	  a	  significant	  
reduction	   in	   glycine,	   alanine,	  BCAAs,	   lysine	   and	  glutamine,	   and	  a	   slight	   increase	   in	  
methanol	   and	   ethanol.	   It	   also	   appeared	   that,	   in	   some	   samples,	   animal	   age	   was	  
correlated	  with	  a	  reduction	  in	  n-­‐butyrate	  and	  an	  increase	  in	  acetate	  and	  propionate.	  
	  
As	   can	  be	   seen	   in	   the	   scores	  plots	   showing	   the	   variation	   relating	   to	   genotype	  and	  
cage	   environment	   (Figure	   41,	   B	   and	   C),	   no	   distinct	   separation	   of	   samples	   due	   to	  
either	   classifier	   was	   observed	   in	   the	   Pareto-­‐scaled	   model.	   Again,	   the	   model	   was	  
thoroughly	   investigated	   by	   comparing	   different	   combinations	   of	   PCs	   for	   trends	  
associated	  with	  genotype	  or	  cage,	  but	  no	  distinct	  patterns	  were	  discernible.	  With	  no	  
distinct	   separation	   in	   the	   scores	   plots	   it	   is	   difficult	   to	   confidently	   link	  metabolites	  
highlighted	  in	  the	  loadings	  plot	  with	  specific	  sources	  of	  variation,	  other	  than	  age.	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Figure	  41:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	   faecal	  water	  extract	  samples	  collected	  from	  all	  
animals	  at	  all	  time	  points	  (mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.70,	  Q2	  =	  0.61).	  Principal	  components	  1	  and	  2	  
(PC1	  and	  PC2)	  are	  shown	  with	  the	  percentage	  of	  explained	  variance	  described	  by	  each	  component.	  A:	  Samples	  
are	   coloured	   according	   to	   the	   age	   (in	   weeks)	   at	   which	   the	   sample	   was	   collected.	   B:	   Samples	   are	   coloured	  
according	  to	  the	  genotype	  of	  the	  animal.	  C:	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  The	  
scores	  plot	  in	  (A)	  can	  be	  used	  as	  a	  reference	  for	  the	  sample	  time	  points;	  the	  time	  points	  are	  not	  shown	  in	  (B)	  and	  
(C)	   to	   aid	   visualisation	   of	   potential	   trends.	   Two	   samples	   were	   removed	   as	   outliers,	   due	   to	   abnormally	   high	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Age	  of	  animal	  when	  sample	  collection	  occurred	  appeared	  to	  be	  the	  most	  dominant	  
known	  source	  of	  variation	  in	  both	  the	  mean-­‐centred	  and	  Pareto-­‐scaled	  PCA	  models	  
of	   the	   global	   dataset.	   In	   order	   to	   remove	   the	   variation	   in	   the	   samples	   relating	   to	  
aging,	  separate	  PCA	  models	  were	  created	  for	  each	  of	  the	  ten	  time	  points	  in	  the	  study	  
(from	  5	  to	  14	  weeks	  of	  age),	  and	  then	  coloured	  according	  to	  either	  genotype	  or	  cage	  
to	  assess	  any	  trends	  in	  the	  scores	  plots.	  
	  
4.6.3	   Genotype-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  	  	  
	  
Clear	  separation	  between	  obese	  and	  lean	  phenotypes	  was	  not	  evident	  in	  any	  of	  the	  
models	   at	   specific	   ages.	   Partial	   clustering	  was	   apparent	   at	   week	   13,	   although	   the	  
significance	   of	   this	   clustering	   was	   uncertain	   due	   to	   the	   number	   of	   missing	  
homozygous	  lean	  samples	  at	  this	  age	  (n	  =	  2).	  Later	  comparison	  of	  the	  lean	  and	  obese	  
phenotypes	   with	   pair-­‐wise	   OPLS-­‐DA	   confirmed	   that	   the	   models	   generated	   from	  
samples	  collected	  at	  week	  13	  were	  not	  robust,	  with	  little	  difference	  evident	  between	  
classes.	  
	  
Separate	  PCA	  models	  were	  also	  constructed	  for	  each	  cage	  showing	  the	  age-­‐related	  
trajectories	   for	   each	   of	   the	   three	   genotypes	   within	   a	   cage.	   This	   allowed	   for	  
investigation	   of	   whether	   the	   lean	   phenotypes	   followed	   a	   similar	   aging	   metabolic	  
trajectory,	  which	  differed	   from	  the	  obese	  animal	   in	  each	  cage,	  as	  was	  observed	   in	  
the	  urine	  1H	  NMR	  analysis.	  However,	  no	  clear	  difference	  in	  the	  metabolic	  trajectories	  
of	  the	  lean	  and	  obese	  phenotypes	  was	  evident	  based	  on	  faecal	  composition.	  
	  
4.6.4	   Cage-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  	  	  
	  
It	  was	  difficult	  to	  interpret	  the	  analysis	  of	  potential	  cage-­‐associated	  variation	  due	  to	  
the	  dominant	  effect	  of	  age	  on	  variation	  in	  the	  samples;	  when	  this	  source	  of	  variation	  
was	   removed	   via	   analysis	   of	   samples	   from	   one	   age	   at	   a	   time,	   the	   relatively	   small	  
number	  of	  animals	  per	  cage	  (n	  ≤	  3)	  made	  evaluation	  of	  the	  strength	  of	  possible	  cage-­‐
related	  clustering	  problematic.	  For	  the	  majority	  of	  time	  points	  there	  was	  no	  marked	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separation	   of	   cages	   evident;	   however,	   a	   subtle	   cage	   effect	   could	   be	   observed	   for	  
samples	  from	  rats	  aged	  6	  and	  7	  weeks	  with	  mean-­‐centred	  data	  (appendix,	  figure	  97,	  
A	  and	  B)	  and	  aged	  8	  and	  9	  weeks	  with	  Pareto-­‐scaled	  data	  (appendix,	  figure	  97,	  C	  and	  
D).	   To	   counteract	   the	  problem	  of	   low	   sample	  number	  per	   cage,	   PCA	  models	  were	  
created	  for	  clusters	  of	  time	  points;	   in	  most	  cases,	  the	  variation	  associated	  with	  age	  
dominated	  the	  scores	  plots,	  even	  when	  only	  three	  consecutive	  ages	  were	  included	  in	  
the	   analysis.	   However,	   models	   generated	   from	   samples	   collected	   at	   8,	   9,	   and	   10	  
weeks	  of	  age	  demonstrated	  partial	  cage-­‐related	  clustering	  with	  both	  mean-­‐centred	  
(appendix,	   figure	   98,	   A)	   and	   Pareto-­‐scaled	   data	   (appendix,	   figure	   98,	   B).	   Despite	  
slight	  differences	   in	   the	  ages	  at	  which	   cage-­‐clustering	  was	  most	  evident,	   the	  most	  
significant	   loadings	   appear	   to	   be	   consistent	   between	   the	   two	   scaling	   methods	   at	  
approximately	  7	  to	  10	  weeks	  of	  age,	  with	  higher	  acetate	  found	  in	  samples	  from	  cage	  
three,	  and	  higher	  n-­‐butyrate	  in	  samples	  from	  cage	  five.	  Unfortunately	  this	  particular	  
time	   interval	   was	   difficult	   to	   assess	   as	   there	   were	   samples	   with	   abnormally	   high	  
acetate,	   lactate,	   succinate	   and	  n-­‐butyrate	   collected	   at	   these	   ages,	  which	   distorted	  
the	   models	   and	   dominated	   the	   loadings	   plots;	   and	   when	   these	   samples	   were	  
removed,	  the	  sample	  number	  per	  cage	  became	  too	  low	  (n	  ≤	  2)	  to	  have	  confidence	  in	  
any	  patterns	  observed.	  
	  
To	   further	   investigate	   any	   potential	   cage	   effect,	   PCA	   models	   were	   constructed	  
consisting	   of	   samples	   from	   animals	   of	   one	   genotype	   at	   a	   time,	   with	   the	   aim	   of	  
understanding	  whether	  all	  the	  samples	  from	  a	  single	  genotype	  differed	  as	  a	  result	  of	  
the	   animals	   being	   housed	   in	   different	   cages.	  However,	   no	   distinct	   cage-­‐associated	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4.6.5	   Supervised	  multivariate	  analysis:	  OPLS	  and	  OPLS-­‐DA	  modelling	  of	  1H	  
NMR	  faecal	  extract	  spectral	  data	  
	  
PCA	  analysis	  gave	  an	  un-­‐biased	  overview	  of	  the	  variation	   in	  the	  samples;	  however,	  
the	  complexity	  of	  study,	   in	  terms	  of	  sources	  of	  variation,	  meant	  that	  interpretation	  
of	   the	  PCA	   loadings	  plots	  was	  often	  problematic.	   In	  order	   to	   further	   scrutinise	   the	  
faecal	   sample	   spectral	   data	   and	   simplify	   the	   interpretation	   of	   loadings,	   OPLS	   and	  
OPLS-­‐DA	  models	  were	  created	  so	  that	  each	  source	  of	  variation	  (age,	  genotype	  and	  
cage)	  could	  be	   investigated	  separately.	  This	  was	  achieved	  by	  using	   the	  variation	  of	  
interest	  as	  the	  Y	  predictor.	  
	  
4.6.6	   Age-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  	  	  
	  	  
To	  begin	  with,	  to	  simplify	  the	  analysis	  of	  age-­‐related	  variation,	  a	  pair-­‐wise	  OPLS-­‐DA	  
model	  was	  constructed	  comparing	  samples	  from	  all	  animals	  aged	  five	  and	  fourteen	  
weeks	  to	  assess	  which	  metabolites	  had	  altered	  by	  the	  end	  of	  the	  study,	  compared	  to	  
the	  beginning	  of	  the	  collection	  period.	  Clear	  separation	  in	  the	  predictive	  component	  
was	  achieved	  (Figure	  42)	  indicating	  that	  the	  faecal	  metabolite	  profiles	  had	  changed	  
significantly	  over	  the	  course	  of	  the	  study,	  as	  observed	  in	  the	  PCA	  models.	  
	  
The	   model	   gave	   an	   indication	   of	   the	   general	   trends	   in	   metabolite	   concentrations	  
over	   the	   course	   of	   the	   study;	  with	   the	  metabolites	   found	   to	   be	   higher	   at	  week	   5	  
assumed	   to	   have	   decreased,	   in	   relative	   terms,	   across	   the	   ten-­‐week	   period,	   and	  
conversely	  metabolites	   found	  to	  be	  higher	  at	  week	  14	  assumed	  to	  have	   increased.	  
The	   loadings	   revealed	   that	   the	   amino	  acids	   isoleucine,	   leucine,	   lysine,	  methionine,	  
phenylalanine,	   threonine,	   valine,	   alanine,	   aspartate,	   glutamate,	   glutamine,	   glycine,	  
proline	  and	  tyrosine	  were	  all	  higher	  at	  week	  5,	  compared	  to	  week	  14,	  with	   lactate	  
and	  n-­‐butyrate	  also	  slightly	  higher	  at	  week	  5.	  In	  contrast,	  acetate,	  ethanol,	  methanol	  
and	  propionate	  were	  all	  higher	  at	  week	  14	  compared	  to	  week	  5	  (Figure	  42,	  Table	  1).	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Figure	   42:	  OPLS-­‐DA	  model	   generated	   from	   1H	  NMR	   spectra	  of	   faecal	  water	   extract	   samples	   collected	   from	  all	  
animals	   at	   age	   5	   and	   14	  weeks,	   using	   age	   as	   the	   Y	   predictor	   (one	   predictive	   component	   plus	   two	   orthogonal	  
components;	   R2Y	   =	   0.99,	   Q2Y	   =	   0.94,	   R2X	   =	   0.42).	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	   between-­‐class	  
variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  variation	  in	  the	  orthogonal	  component	  (TYosc	  1).	  
B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   1,	   n-­‐butyrate;	   2,Leucine;	   3,	   Isoleucine;	   4,	  
Valine;	  5,	  Propionate;	  7,	  Ethanol;	  8,	  Lactate;	  9,	  Threonine;	  10,	  Lysine;	  11,	  Alanine;	  13,	  Acetate;	  14,	  Proline;	  15,	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Metabolite	   Proton	  group	   δ1H	  (ppm)	   Confirmation	  




1	   n-­‐butyrate	   CH3,	  α-­‐CH2,	  β	  -­‐CH2	  
0.90(t),	   2.16(t),	  
1.56(m)	  
1D,	  JRES,	  COSY	   	   −	  
2	   Leucine	  
α-­‐CH,	   γ-­‐CH,	   δ-­‐CH3,	   δ-­‐
CH3	  
3.72(t),	   1.69(m),	  
0.97(d),	  0.94(d)	  
1D,	  JRES,	  COSY	   	   −	  
3	   Isoleucine	  
δ-­‐CH3,	   β-­‐CH3,	   half	   γ-­‐
CH2,	  half	  γ-­‐CH2,	  
β	  -­‐CH,	  α-­‐CH	  
0.93(t),	   1.00(d),	  
1.28(m),	   1.47(m),	  
1.96(m),	  3.68(d)	  
1D,	  JRES,	  COSY	   	   −	  
4	   Valine	  
α-­‐CH,	   β	   -­‐CH,	   γ-­‐CH3,	   γ-­‐
CH3	  
3.59(d),	   2.27(m),	  
0.98(d),	  1.03(d)	  
1D,	  JRES,	  COSY	   	   −	  
5	   Propionate	   CH2,	  CH3	   2.19(q),	  1.06(t)	   1D,	  JRES,	  COSY	   	   −	  
6	   α-­‐ketoisovalerate	   CH,	  2×CH3	   3.02(m),	  1.13(d)	   1D,	  JRES,	  COSY	   −	   −	  
7	   Ethanol	   CH3,	  CH2	   1.19(t),	  3.65(q)	   1D,	  JRES,	  COSY	   	   −	  
8	   Lactate	   α-­‐CH,	  β	  -­‐CH3	   4.11(q),	  1.33(d)	   1D,	  JRES,	  COSY	   	   −	  
9	   Threonine	   α-­‐CH,	  β	  -­‐CH,	  γ-­‐CH3	  
3.59(d),	   4.26(m),	  
1.33(d)	  
1D,	  JRES,	  COSY	   	   −	  
10	   Lysine	  
α-­‐CH,	   β	   -­‐CH2,	   γ-­‐CH2,	  δ-­‐
CH2,	  β-­‐CH2	  
3.77(t),	   1.92(m),	  
1.73(m),	   1.47(m),	  
3.05(t)	  
1D,	  JRES,	  COSY	   	   −	  
11	   Alanine	   α-­‐CH,	  β-­‐CH3	   3.79(q),	  1.48(d)	   1D,	  JRES,	  COSY	   	   −	  
12	   Arginine	  
α-­‐CH,	   β	   -­‐CH2,	   γ-­‐CH2,	  δ-­‐
CH2,	  
3.76(t),	   1.89(m),	  
1.63(m),	  3.23(t)	  
1D,	  JRES,	  COSY	   −	   −	  
13	   Acetate	   CH3	   1.92(s)	   1D,	  JRES	   	   	  
14	   Proline	  
γ-­‐CH2,	   half	   β	   -­‐CH2,	   half	  
β	  -­‐CH2,	  
half	   δ-­‐CH2,	   half	   δ-­‐CH2,	  
α-­‐CH	  
1.99(m),	   2.05(m),	  
2.36(m),	   3.34(m),	  
3.45(m),	  4.14(m)	  
1D,	  JRES,	  COSY	   	   −	  
15	   Methionine	  
α-­‐CH,	   β	   -­‐CH2,	   γ-­‐CH2,	  δ-­‐
CH3	  
3.87(m),	   2.17(m),	  
2.65(dd),	  2.14(s)	  
1D,	  JRES,	  COSY	   	   −	  
16	   Glutamine	   α-­‐CH,	  β	  -­‐CH2,	  γ-­‐CH2,	  
3.78(m),	   2.15(m),	  
2.44(m)	  
1D,	  JRES,	  COSY	   	   −	  
17	   Glutamate	   α-­‐CH,	  β	  -­‐CH2,	  γ-­‐CH2	  
3.77(m),	   2.06(m),	  
2.36(m)	  
1D,	  JRES,	  COSY	   	   −	  
18	   Succinate	   2×CH2	   2.42(s)	   1D,	  JRES	   	   −	  
19	   Aspartate	  
α-­‐CH,	  half	  β	  -­‐CH2,	  half	  β	  
-­‐CH2	  
3.93(m),	   2.69(m),	  
2.81(dd)	  
1D,	  JRES,	  COSY	   	   −	  
20	   Trimethylamine	   3×CH3	   2.88(s)	   1D,	  JRES	   	   −	  
21	   Methanol	   CH3	   3.36(s)	   1D,	  JRES	   	   −	  
21	   α-­‐glucose	  
4-­‐CH,	   2-­‐CH,	   3-­‐CH,	   half	  
CH2C6,	  5-­‐CH,	  
half	  CH2C6,	  1-­‐CH	  
3.41(t),	   3.54(dd),	  
3.71(t),	   3.72(dd),	  
3.83(dd),	   3.84(m),	  
5.23(d)	  
1D,	  JRES,	  COSY	   −	   	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23	   Glycine	   CH2	   3.55(s)	   1D,	  JRES	   	   −	  
24	   β-­‐glucose	  
2-­‐CH,	   4-­‐CH,	   5-­‐CH,	   half	  
CH2C6,	  1-­‐CH	  
3.24(dd),	   3.41(t),	  
3.47(dd),	   3.90(dd),	  
4.64(d)	  
1D,	  JRES,	  COSY	   −	   	  
25	   Uracil	   CH,	  CH	   5.81(d),	  7.55(d)	   1D,	  JRES,	  COSY	   −	   −	  
26	   Fumarate	   2×CH3	   6.53(s)	   1D,	  JRES	   −	   −	  
27	   Tyrosine	  
half	  β	  -­‐CH2,	  half	  β	  -­‐CH2,	  
α-­‐CH,	  3,5-­‐CH,	  
2,6-­‐CH	  
3.06(dd),	   3.14(dd),	  
3.94(dd),	   6.90(d),	  
7.19(d)	  
1D,	  JRES,	  COSY	   	   −	  
28	   Phenylalanine	  
3,5-­‐CH,	   4-­‐CH,	   2,6-­‐CH,	  
half	  β	  -­‐CH2,	  
half	  β	  -­‐CH2,	  α-­‐CH	  
7.44(m),	   7.38(m),	  
7.33(m),	   3.17(dd),	  
3.30(dd),	  3.99(dd)	  
1D,	  JRES,	  COSY	   	   −	  
29	   Formate	   CH	   8.46(s)	   1D,	  JRES	   −	   −	  
	  
Table	  1:	  List	  of	  metabolites	  detected	   in	  faecal	  extracts.	  Key:	  	  weak	  positive	  correlation	  trend	  associated	  with	  
age;	  	   weak	   negative	   correlation	   trend	   associated	   with	   age;	  	   moderate/strong	   negative	   correlation	   trend	  
associated	  with	  age;	  	  metabolite	  found	  to	  be	   increased	   in	  homozygous	  obese	  animals	  at	  5	  weeks	  of	  age.	   (s),	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To	   further	   investigate	   the	  age-­‐related	  variation	   in	   the	  metabolite	  profiles,	  an	  OPLS	  
model	  was	  constructed	  using	  samples	  from	  all	  animals,	  across	  all	  time	  points,	  using	  
age	   as	   the	   Y	   predictor	   (Figure	   43).	   A	   clear	   age-­‐related	   trend	  was	   observed	   in	   the	  
predictive	  component	  of	  the	  cross-­‐validated	  scores	  and	  the	  loadings	  largely	  reflected	  
the	  metabolite	  variation	  observed	  in	  the	  comparison	  week	  5	  and	  14	  alone.	  	  
	  
 
Figure	  43:	  OPLS	  model	  generated	  from	  1H	  NMR	  spectra	  of	  faecal	  water	  extract	  samples	  collected	  from	  all	  animals	  
at	   all	   ages	   of	   the	   study	   (weeks	   5	   to	   14),	   using	   age	   as	   the	   Y	   predictor	   (one	   predictive	   component	   plus	   four	  
orthogonal	   components;	   R2Y	   =	   0.97,	   Q2Y	   =	   0.85,	   R2X	   =	   0.37).	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	  
between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	  
component	  (TYosc	  1).	  B:	  Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  2,Leucine;	  3,	  Isoleucine;	  
4,	  Valine	  ;	  10,	  Lysine;	  11,	  Alanine;	  14,	  Proline;	  15,	  Methionine;	  16,	  Glutamine;	  17,	  Glutamate;	  19,	  Aspartate;	  21,	  
Methanol;	  23,	  Glycine;	  27,	  Tyrosine;	  28,	  Phenylalanine.	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However,	   the	   correlation	   coefficient	   is	   represented	   in	   the	   loadings	   as	   a	   linear	  
correlation,	   and	   thus	   direct	   interpretation	   assumes	   that	   the	   change	   in	  metabolite	  
concentration	  with	  age	  is	  linear,	  and	  so	  not	  all	  the	  information	  is	  captured.	  	  It	  is	  not	  
necessarily	  appropriate	  to	  directly	  compare	  the	  OPLS-­‐DA	  and	  OPLS	  models	  created.	  
However,	   the	  weaker	  correlation	  coefficients	   represented	   in	   the	   loadings	   from	  the	  
regression	  model	   (Figure	   43)	   are	   probably	   an	   indication	   of	   non-­‐linear	   age-­‐related	  
metabolite	  changes.	  
	  
To	  obtain	  a	  more	  detailed	  understanding	  of	  age-­‐related	  changes	  in	  the	  metabolites	  
highlighted	   in	   the	   OPLS-­‐DA	   and	   OPLS	   models,	   the	   metabolite	   resonances	   were	  
integrated	   and	   plotted	   against	   the	   age	   of	   sample	   collection	   (Figure	   44).	   Although	  
age-­‐related	   trends	   in	   increasing	   ethanol	   and	   propionate,	   and	   decreasing	   valine,	  
leucine,	   lysine,	   aspartate,	   glutamate,	   glutamine,	   glycine,	   proline,	   n-­‐butyrate	   were	  
evident	   from	   PCA	   and	   OPLS/OPLS-­‐DA	   analysis,	   precise	   integration	   of	   these	  
resonances	  was	  not	  possible	  due	  to	  overlap	  with	  adjacent	  metabolite	  resonances	  in	  
the	  spectra.	  The	  amino	  acids	  analysed	  showed	  a	  very	  similar	  trend,	  with	  a	  significant	  
decrease	   from	  5	   to	  8	  weeks	  of	  age,	   followed	  by	  a	  plateau	   from	  8	  weeks	  onwards.	  
Lactate,	  acetate	  and	  methanol	  all	  showed	  greater	  inter-­‐sample	  variation,	  compared	  
to	   the	   amino	   acids	   measured.	   Overall,	   lactate	   was	   observed	   to	   decrease,	   while	  
acetate	  and	  methanol	  increased,	  over	  the	  course	  of	  the	  study.	  However,	  the	  nature	  
of	  the	  relative	  concentration	  trends	  for	  all	  the	  metabolites	  appeared	  to	  change	  at	  8-­‐
10	  weeks	  of	  age.	  Significant	  differences	  were	  observed	  when	  comparing	  the	  relative	  
spectral	   intensities	   at	   weeks	   five	   and	   fourteen	   of	   all	   the	   metabolites	   integrated	  
(isoleucine,	  methionine,	  phenylalanine,	  threonine,	  alanine,	  tyrosine,	  lactate,	  acetate	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Figure	  44:	  Relative	  spectral	  intensities	  (normalised	  data).	  Isoleucine	  [doublet	  at	  1.00	  δ]	  (a),	  methionine	  [singlet	  at	  
2.14	  δ]	  (b),	  phenylalanine	  [multiplet	  at	  7.44	  δ]	  (c),	  threonine	  [multiplet	  at	  4.26	  δ]	  (d),	  alanine	  [doublet	  at	  1.48	  δ]	  
(e),	   tyrosine	   [doublet	  at	  6.90	  δ]	   (f),	   lactate	   [doublet	  at	  1.33	  δ]	   (g),	  acetate	   [singlet	  at	  1.92	  δ]	   (h)	  and	  methanol	  
[singlet	  at	  3.36	  δ]	   (i).	  Data	  expressed	  as	  mean	  ±	  standard	  error.	  One	  sample	  was	  removed	  as	  an	  outlier	  due	  to	  
abnormally	  high	  lactate.	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Figure	   45:	   Box	   plots	   of	   the	   relative	   spectral	   intensities	   (normalised	   data)	   of	   selected	   metabolites	   (Isoleucine	  
[doublet	   at	  1.00	  δ];	  methionine	   [singlet	   at	  2.14	  δ];	   phenylalanine	   [multiplet	   at	  7.44	  δ];	   threonine	   [multiplet	   at	  
4.26	  δ];	  alanine	  [doublet	  at	  1.48	  δ];	   tyrosine	  [doublet	  at	  6.90	  δ];	   lactate	  [doublet	  at	  1.33	  δ];	  acetate	  [singlet	  at	  
1.92	  δ];	   and	  methanol	   [singlet	   at	   3.36	  δ])	   for	   all	   animal	   samples	   demonstrating	   the	  median,	   lower	   and	   upper	  
quartiles,	  and	   the	   smallest	  and	   largest	  observations	  at	  week	  5	  and	  14.	  Outliers	  are	   represented	  by	  black	   filled	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4.6.7	   Genotype-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  
	  
OPLS-­‐DA	  models	  were	   first	   created	  using	   the	   three	   genotypes	   as	   Y	  predictors,	   but	  
failed	  to	  find	  a	  significant	  difference	  between	  the	  three	  classes,	  most	  likely	  because	  
of	  the	  similarity	  between	  the	  samples	  from	  the	  two	  lean	  genotypes.	  To	  combat	  this	  
problem,	   pair-­‐wise	  models	  were	   constructed	   for	   each	   genotype	   comparison:	   (+/+)	  
versus	  (fa/+),	  (+/+)	  versus	  (fa/fa)	  and	  (fa/+)	  versus	  (fa/fa).	  	  
	  
When	   these	  pair-­‐wise	  models	  were	  built	  using	   samples	   from	  all	   the	   time	  points	   in	  
the	  study,	  the	  models	  showed	  no	  separation	  between	  classes	  in	  the	  cross	  validated	  
scores.	  This	  confirmed	  the	  observation	  highlighted	  by	  PCA,	  that	  the	  variation	  in	  the	  
samples	  was	  dominated	  by	  age-­‐related	  differences,	  thus	  creating	  sub-­‐classes	  within	  
the	  genotype	  classes.	  In	  order	  to	  eliminate	  the	  variation	  in	  the	  samples	  due	  to	  age,	  
pair-­‐wise	  models	  were	  constructed	  for	  each	  genotype	  comparison	  at	  each	  individual	  
age.	  	  
	  
These	  pair-­‐wise	  models	  indicated	  that	  there	  was	  no	  perceptible	  difference	  between	  
the	   two	   lean	   genotypes.	   Further	   to	   this,	   samples	   from	   the	   obese	   and	   both	   lean	  
genotypes	   were	   only	   found	   to	   differ	   at	   week	   five	   of	   the	   study	   (Figure	   46).	   The	  
loadings	  revealed	  a	  very	  subtle	  difference	  between	  the	  obese	  and	  lean	  phenotypes,	  
with	  glucose	   slightly	  elevated	   in	   the	  obese	  phenotype	  samples.	  OPLS	  models	  were	  
created	   for	   each	   separate	   genotype	   with	   age	   as	   the	   Y	   predictor,	   so	   the	   broad	  
metabolite	  changes	  across	  the	  entire	  study	  could	  be	  compared	  between	  genotypes,	  
but	   no	   significant	   differences	   between	   the	  models	   were	   found,	   suggesting	   similar	  
faecal	   metabolic	   trajectories	   for	   the	   three	   genotypes,	   as	   observed	   in	   PCA.	   In	  
addition,	   the	  data	  collected	   for	   individual	  metabolites	   resonances	   (Figure	  44)	  were	  
investigated	   for	   differences	   between	   the	   three	   genotypes,	   but	   no	   substantial	  
differences	  were	  found.	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Figure	   46:	  OPLS-­‐DA	   models	   generated	   from	   1H	   NMR	   spectra	   of	   faecal	   water	   extract	   samples	   collected	   from	  
homozygous	   lean	   and	   homozygous	   obese	   animals	   (A,	   B;	   one	   predictive	   component	   plus	   two	   orthogonal	  
components;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.70,	  R2X	  =	  0.47)	  and	  heterozygous	  lean	  and	  homozygous	  obese	  animals	  (C,	  D;	  one	  
predictive	  component	  plus	  two	  orthogonal	  components;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.66,	  R2X	  =	  0.44)	  at	  5	  weeks	  of	  age,	  
using	  genotype	  as	  the	  Y	  predictor.	  A,	  C:	  Cross-­‐validated	  scores	  plots	  demonstrating	  between-­‐class	  variation	  in	  the	  
predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	   component	   (TYosc	   1).	   B,	   D:	  
Corresponding	   coefficient	  plots.	  OPLS-­‐DA	   coefficient	  plot	   labels:	   13,	  Acetate;	   22,	  α-­‐glucose;	   24,	  β-­‐glucose;	  U1,	  
unknown	  metabolite	  [quartet	  at	  δ3.66];	  U2,	  unknown	  metabolite	  [quartet	  at	  δ3.57].	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4.6.8	   Cage-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  	  
	  
The	  data	  were	  thoroughly	  interrogated	  to	  elucidate	  whether	  the	  samples	  of	  animals	  
from	   differing	   cages	   could	   be	   clearly	   distinguished	   using	   OPLS-­‐DA.	   A	   model	   was	  
constructed	  of	  the	  samples	  from	  all	  the	  time	  points	  in	  the	  study,	  with	  cage	  used	  as	  
the	  Y	  predictor.	  When	  the	  first	  and	  second	  predictive	  components	  were	  compared,	  
the	   cross-­‐validated	   scores	   revealed	   no	   distinct	   separation	   between	   samples	   from	  
differing	  cages,	  although	  a	  subtle	  cage-­‐clustering	  effect	  could	  be	  observed,	  indicating	  
similarities	   in	   the	  metabolite	   profiles	   of	   animals	   from	   cages	   one,	   two	   and	   six,	   and	  
cages	  four	  and	  five,	  with	  samples	  from	  cage	  three	  demonstrated	  high	  variability	  and	  
were	  separate	   from	  the	  other	  cages	   (Figure	  47).	  Conversely,	   the	   loadings	   from	  the	  
model	   suggested	   that	   the	   samples	   from	   differing	   cages	   were	   not	   significantly	  
different.	  Again,	  as	   the	  model	  was	  created	  using	  samples	   from	  all	   time	  points,	   it	   is	  
likely	  that	  age	  affected	  the	  power	  of	  separation	   in	  the	  model.	  However,	   it	  was	  not	  
thought	  appropriate	  to	  create	  models	  based	  on	  one	  age	  group	  at	  a	  time,	  due	  to	  the	  
small	  sample	  size	  for	  each	  cage	  at	  individual	  time	  points	  (n	  ≤	  3).	  	  
	  
As	   with	   the	   analysis	   of	   genotype	   differences,	   the	   data	   collected	   for	   individual	  
metabolites	   resonances	   (Figure	   44)	   were	   probed	   for	   differences	   between	   the	   six	  
cages.	  Univariate	  statistical	  analysis	  was	  not	  considered	  appropriate	  due	  to	  the	  small	  
sample	   size	   per	   cage	   for	   each	   individual	   time	  point	   (n	  ≤	   3),	   and	  high	   inter-­‐sample	  
variation	   observed	   for	   lactate,	   acetate	   and	  methanol.	   Nevertheless,	   a	   generalised	  
trend	  of	  higher	  isoleucine,	  methionine,	  phenylalanine	  and	  tyrosine	  in	  samples	  from	  
cages	   four	   and	   five,	   most	   notably	   at	   week	   7,	   could	   be	   observed,	   and	   also	   higher	  
acetate	  in	  the	  samples	  from	  cage	  three	  from	  8-­‐10	  weeks	  of	  age,	  partially	  supporting	  
the	  observations	  made	  based	  on	  the	  PCA	  models.	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Figure	  47:	  OPLS-­‐DA	  cross-­‐validated	  scores	  plot	  generated	  from	  1H	  NMR	  spectra	  of	  faecal	  water	  extract	  samples	  
collected	   from	  all	   animals	   at	   all	   times	  points	   in	   the	   study,	   using	   cage	   (1-­‐6)	   as	   the	   Y	   predictors	   (five	  predictive	  
components	   plus	   five	   orthogonal	   components;	   R2Y	   =	   0.76,	   Q2Y	   =	   0.25,	   R2X	   =	   0.44).	   The	   scores	   of	   the	   first	  
predictive	  component	  (Tcv	  1)	  are	  plotted	  against	  the	  scores	  of	  the	  second	  predictive	  component	  (Tcv	  2).	  	  
	  
4.7	   Discussion	  
	  
4.7.1	   Age-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  
	  
Both	  PCA	  and	  OPLS-­‐DA	  analysis	  of	  the	  faecal	  samples	  revealed	  a	  strong	  age-­‐related	  
trend	  in	  the	  data	  predominantly	  attributed	  to	  a	  reduction	  in	  branched-­‐chain	  amino	  
acids	  (BCAAs;	  leucine,	  isoleucine	  and	  valine),	  and	  other	  aliphatic	  and	  aromatic	  amino	  
acids	   and	   an	   increase	   in	   faecal	   concentrations	   of	   ethanol,	   methanol	   and	   acetate.	  
These	  results	  are	   largely	  supported	  by	   the	   findings	  of	  a	  previous	  analysis	  of	   the	  1H	  
NMR	  spectra	  of	  faecal	  extracts	  from	  healthy	  mice	  and	  rats	  aged	  approximately	  6	  to	  9	  
and	   6	   to	   13	  weeks	   of	   age,	   respectively	   (Saric,	  Wang	   et	   al.	   2008).	   The	   age-­‐related	  
variation	   in	   faecal	   composition	   may	   be	   explained	   by	   changes	   in	   the	   activities	   or	  
composition	  of	  the	  gut	  microbiota,	  as	  many	  of	  these	  faecal	  metabolites	  are	  derived	  
from	   microbial-­‐host	   co-­‐metabolism,	   and	   there	   is	   increasing	   recognition	   of	   the	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2002;	  Mariat,	  Firmesse	  et	  al.	  2009).	  The	  age-­‐related	  trends	  of	  the	  relative	  intensities	  
for	  specific	  metabolites	  appear	  to	  be	  non-­‐linear,	  with	  key	  changes	  in	  age-­‐metabolite	  
concentration	   relationships	   occurring	   at	   approximately	   8-­‐10	   weeks	   of	   age.	   In	  
addition	   to	   the	   influence	   of	   the	  microbiota,	   the	   stage	   of	   sexual	   development	  may	  
have	   also	   influenced	   the	   faecal	   metabolite	   profile,	   with	   puberty	   in	   rats	   is	   at	  
approximately	  6-­‐7	  weeks	  of	  age	   (Korenbrot,	  Huhtaniemi	  et	  al.	  1977),	  although	  this	  
appears	  to	  narrowly	  precede	  the	  age	  at	  which	  changes	   in	  the	  concentration	  trends	  
for	  the	  key	  age-­‐related	  metabolites	  were	  observed	  (8-­‐10	  weeks).	  
	  
Multivariate	   analysis	   revealed	   an	   age-­‐associated	   reduction	   in	   BCAAs	   and	   other	  
aliphatic	  and	  aromatic	  amino	  acids;	  comparable	  trends	  in	  average	  relative	  intensities	  
for	   isoleucine,	  methionine,	   alanine,	   phenylalanine	   and	   tyrosine	   were	   seen,	   with	   a	  
clear	   reduction	   in	   intensity	   from	   five	   to	  eight	  weeks	  of	   age,	   followed	  by	  a	  plateau	  
from	  eight	  weeks	  onwards.	  The	  acidic	  environment	  of	  the	  GI	  tract	  contributes	  to	  the	  
partial	   hydrolysis	   of	   proteins,	   generating	   peptides,	  which	   are	   then	  metabolised	   by	  
host	  and	  microbial	  proteases,	  producing	  amino	  acids	   (Macfarlane,	  Cummings	  et	  al.	  
1986).	  Amino	  acids	  are	   then	   further	  metabolised	  via	   decarboxylation,	  deamination	  
and	  fermentation	  reactions	  by	  microbial	  enzymes,	  contributing	  to	  the	  production	  of	  
BCAAs,	   SCFAs	   and	   BCFAs	   (Cummings	   and	   Macfarlane	   1991).	   An	   age-­‐related	  
reduction	   in	   faecal	  amino	  acid	  concentration	  has	  previously	  been	  observed	   in	  both	  
mice	  and	  rat	   faecal	   samples	   (Saric,	  Wang	  et	  al.	  2008).	  Conversely,	   increased	   faecal	  
amino	  acids	  have	  been	  observed	  in	  samples	  from	  inflammatory	  bowel	  disease	  (IBD)	  
patients,	  and	  attributed	  to	  malabsorption	  due	  to	  inflammation	  (Marchesi,	  Holmes	  et	  
al.	  2007);	  thus,	  it	  could	  be	  postulated	  that	  the	  reduction	  in	  faecal	  amino	  acids	  seen	  
here	  relates	  to	  increased	  absorption.	  However,	  given	  the	  substantial	  involvement	  of	  
intestinal	   bacteria	   in	   the	   metabolism	   of	   amino	   acids,	   it	   is	   most	   likely	   that	   the	  
reduction	  in	  faecal	  amino	  acids	  observed	  is	  explained	  by	  variation	  in	  the	  activities	  or	  
composition	  of	  the	  gut	  microbiota.	  Further	  to	  this,	   it	   is	  possible	  that	  the	  plateau	  in	  
signal	   intensities,	   when	   the	   rats	   were	   approximately	   8	   weeks	   old,	   reflects	   the	  
establishment	  of	  a	  stable	  gut	  microbiota,	  potentially	  coinciding	  with	  sexual	  maturity	  
in	  the	  animals	   (Korenbrot,	  Huhtaniemi	  et	  al.	  1977).	  Robust	  conclusions	  are	  difficult	  
to	  draw,	  however,	  regarding	  this	  association,	  as	  the	  age	  at	  which	  rats	  reach	  sexual	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maturity	   is	   ambiguously	   reported	   in	   the	   literature,	   with	   ages	   ranging	   from	   seven	  
(Lee,	   De	   Kretser	   et	   al.	   1975)	   to	   thirteen	   (Ariyaratne	   and	   Chamindrani	   Mendis-­‐
Handagama	  2000)	  weeks	  quoted	  as	   the	  age	  at	  which	  sexual	  maturity	   is	   reached	   in	  
rats.	  
	  
Lactate	  was	  observed	  to	  have	  a	  non-­‐linear	  relationship	  with	  age;	  the	  average	  signal	  
intensity	  increased	  from	  five	  to	  nine	  weeks	  of	  age,	  followed	  by	  a	  decrease	  from	  nine	  
weeks	   onwards,	  with	   relatively	   high	   inter-­‐sample	   variation	   compared	   to	   the	   other	  
faecal	   metabolites	   measured.	   Lactate	   is	   produced	   by	   many	   members	   of	   the	  
microbial	   communities	   which	   colonize	   the	   gastrointestinal	   tract	   of	   humans	   and	  
animals	   (Macfarlane	   and	  Gibson	   1996).	   Lactate	   is	   also	   utilised	   by	   various	   bacterial	  
species,	  and	  accumulation	  of	   lactate	  in	  the	  faeces	  of	  patients	  with	  ulcerative	  colitis	  
(UC)	  has	  been	  attributed	  to	  a	  microbial	  imbalance	  (Miller	  and	  Wolin	  1979),	  although	  
the	   phenomenon	   may	   also	   be	   explained	   by	   secretion	   of	   L-­‐lactate	   by	   inflamed	  
mucosal	   cells	   (McBee	   1970).	   A	   time-­‐dependent	   decrease	   in	   faecal	   lactate	   has	  
previously	  been	  observed	  in	  conventional	  mice	  aged	  eight	  to	  ten	  weeks;	  the	  authors	  
ascribed	  this	  trend	  to	  further	  conversion	  of	  lactate	  to	  SCFAs	  (Martin,	  Sprenger	  et	  al.	  
2010),	  as	  lactate-­‐utilising	  bacteria	  have	  been	  identified	  to	  produce	  butyrate	  (Duncan,	  
Louis	  et	  al.	  2004).	  With	  this	  evidence	  in	  mind,	  and	  the	  assumption	  that	  the	  intestinal	  
mucosa	   of	   the	   rats	   in	   this	   study	  was	   not	   inflamed,	   it	   is	   likely	   that	   the	   age-­‐related	  
trends	  in	  faecal	  lactate	  seen	  here	  reflect	  changes	  in	  the	  intestinal	  microbiota.	  	  
	  
Multivariate	   analysis	   of	   the	   faecal	   extracts	   demonstrated	   a	   generalised	   trend	   of	  
increased	  acetate,	  while	  a	  marginal	  age-­‐related	   increase	   in	  propionate	  and	  a	  slight	  
decrease	   in	   n-­‐butyrate	   were	   observed.	   The	   average	   relative	   intensities	   of	   acetate	  
showed	  an	  increase	  from	  five	  to	  ten	  weeks	  of	  age,	  followed	  by	  a	  decrease	  from	  ten	  
weeks	  onwards.	  The	  exact	  nature	  of	  the	  trends	  relating	  to	  n-­‐butyrate	  and	  propionate	  
could	   not	   be	   elucidated,	   however,	   due	   to	   metabolite	   resonance	   overlap	   in	   the	  
spectra,	   and	   it	   is	   likely,	   as	   seen	   with	   the	   other	   individual	   metabolite	   relative	  
intensities	  measured,	   that	  their	   relationship	  with	  age	  was	  not	   linear.	   In	  contrast	   to	  
the	   findings	   here,	   a	   previous	   1H	   NMR	   analysis	   of	   mouse	   faecal	   SCFAs	   revealed	   a	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significant	   age-­‐related	   increase	   in	   faecal	   n-­‐butyrate,	   however,	   no	   significant	   age-­‐
related	  change	  was	  detected	  in	  the	  faecal	  samples	  of	  rats	  (Saric,	  Wang	  et	  al.	  2008).	  	  
	  
SCFAs	   are	   the	   main	   products	   of	   the	   intestinal	   bacterial	   fermentation	   of	   non-­‐
digestible	   carbohydrate	   components	   of	   the	   diet	   including	   polysaccharides,	  
oligosaccharides	  and	  other	  plant-­‐derived	  molecules,	  as	  well	  as	  protein	  and	  peptides	  
(Cummings	  and	  Macfarlane	  1991),	   although,	   carbohydrates	  appear	   to	  be	   the	  most	  
significant	  source	  of	  SCFA	  production	  (Korenbrot,	  Huhtaniemi	  et	  al.	  1977).	  Acetate,	  
propionate	   and	   butryate	   are	   all	   rapidly	   absorbed	   by	   the	   colonic	   mucosa	   and	   are	  
considered	   as	   health	   promoting	   (Ruppin,	   Bar-­‐Meir	   et	   al.	   1980;	   Cummings	   1981;	  
Baraona,	   Julkunen	   et	   al.	   1986).	   Butryate	   has	   been	   found	   to	   be	   transported	  
preferentially	  and	  appears	   to	  be	  the	   favoured	  energy	  source	  of	  colonocytes	   (Cope,	  
Risby	   et	   al.	   2000);	   indeed,	   colonic	   epithelia	   have	   been	   found	   to	   obtain	   60-­‐70%	   of	  
their	  energy	  needs	  from	  SCFA	  (Gibson,	  Macfarlane	  et	  al.	  1988;	  Pryde,	  Duncan	  et	  al.	  
2002).	  Absorption	  of	  SCFAs	  in	  the	  caecum	  and	  colon	  is	  a	  very	  effective	  process,	  with	  
only	  5-­‐10%	  excreted	  in	  the	  faeces	  (Ruppin,	  Bar-­‐Meir	  et	  al.	  1980;	  Turton,	  Drucker	  et	  
al.	  1983).	  While	  butyrate	  is	  the	  primary	  source	  of	  energy	  for	  colonocytes,	  propionate	  
and	  acetate	  reach	  the	  systemic	  circulation;	  propionate	  is	  taken	  up	  by	  the	  liver	  and	  is	  
a	  precursor	  for	  gluconeogenesis,	  liponeogenesis,	  and	  protein	  synthesis,	  and	  acetate	  
enters	  the	  peripheral	  circulation	  and	  is	  utilised	  as	  a	  muscle	  cell	  energy	  source	  and	  a	  
substrate	   for	   cholesterol	   synthesis	   (Cummings,	   Pomare	   et	   al.	   1987;	   Wolever,	  
Spadafora	  et	  al.	  1991;	  Wong,	  de	  Souza	  et	  al.	  2006).	  
	  
Changes	   in	   faecal	   SCFAs	   may	   reflect	   changes	   in	   dietary	   substrates	   (Schwiertz,	  
Lehmann	  et	  al.	  2002;	  Duncan,	  Belenguer	  et	  al.	  2007),	  mucosal	  absorption	  by	  the	  host	  
or	  the	  rate	  of	  transit,	  as	  well	  as	  changes	  in	  microbial	  production	  and	  microbial	  cross-­‐
feeding	  patterns.	  As	  the	  diet	  composition	  was	  kept	  constant	  throughout	  the	  study,	  
the	   latter	   may	   explain	   the	   modest	   trends	   observed	   here,	   as	   changes	   in	   the	  
concentrations	  and	  proportions	  of	  faecal	  SCFAs	  have	  been	  associated	  with	  changes	  
in	  the	  composition	  of	  the	  gut	  microbiota	  (Duncan,	  Belenguer	  et	  al.	  2007;	  De	  Filippo,	  
Cavalieri	   et	   al.	   2010).	   Additionally,	   faecal	   extracts	   from	   patients	   suffering	   with	  
Crohn’s	   disease	   (CD),	   were	   shown	   to	   have	   reduced	   faecal	   butyrate,	   a	   feature	   the	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authors	   attributed	   to	   a	   potential	   dysbiosis	   of	   the	   intestinal	   microbiota	   (Bernalier,	  
Dore	  et	  al.	  1999;	  Marchesi,	  Holmes	  et	  al.	  2007).	  	  
	  
Given	   the	  wide	   variety	  of	   routes	  of	   SCFA	  production	  and	   the	  extensive	  absorption	  
and	   utilisation	   of	   SCFAs	   by	   the	   host,	   it	   is	   difficult	   to	   isolate	   the	   specific	   source	   of	  
variation	   that	   can	   be	   attributed	   to	   the	   age-­‐related	   trend	   seen	   in	   this	   study.	   It	   is	  
highly	  likely	  that	  a	  combination	  of	  these	  factors	  contributed	  to	  the	  results	  seen;	  both	  
the	   supply	   of	   SCFAs,	   in	   terms	   of	   quantity	   of	   dietary	   substrate	   and	   microbial	  
metabolic	   potential,	   as	   well	   as	   the	   demand	   for	   SCFAs	   in	   colonocytes	   and	  
systemically,	   will	   have	   varied	   as	   the	   rats	   aged,	   contributing	   to	   the	  moderate	   age-­‐
associated	  trends	  observed.	  	  
	  
A	   reduction	   in	   faecal	  methanol	  was	   seen	   in	   the	   samples	   from	   ages	   5	   to	   9	  weeks,	  
followed	   by	   an	   increase	   from	   9	   weeks	   onwards,	   observed	   as	   an	   overall	   slight	  
increase	  over	  the	  course	  of	  the	  study.	  Additionally,	  an	  age-­‐related	  increase	  in	  faecal	  
ethanol	   was	   observed	   by	   comparing	   samples	   from	   the	   beginning	   and	   end	   of	   the	  
study	  using	  OPLS-­‐DA.	  Ethanol	  and	  methanol	  are	  known	  to	  be	  intermediate	  products	  
of	  intestinal	  bacterial	  fermentation	  (McBee	  1970;	  Miller	  and	  Wolin	  1979;	  Cummings	  
1981;	  Turton,	  Drucker	  et	  al.	  1983;	  Nosova,	  Jokelainen	  et	  al.	  1996;	  Cope,	  Risby	  et	  al.	  
2000),	  and	  intestinal	  bacterial	  overgrowth	  has	  been	  linked	  with	  increased	  intestinal	  
ethanol	  production	  (Baraona,	  Julkunen	  et	  al.	  1986).	  Ethanol	  is	  largely	  produced	  from	  
acetyl-­‐CoA,	   via	   acetaldehyde	   dehydrogenase	   and	   alcohol	   dehydrogenase	   activity	  
(Miller	   and	  Wolin	   1979;	  Macfarlane	   and	  Macfarlane	   2003).	   Ethanol	   and	  methanol	  
can	  be	  absorbed	  without	  further	  microbial	  metabolism	  (Cummings	  1981),	  or	  further	  
metabolised	  to	  produce	  SCFAs	  by	  cross-­‐feeding	  species	  (Bernalier,	  Dore	  et	  al.	  1999).	  
In	   addition,	   certain	   bacterial	   strains	   are	   able	   to	   metabolise	   methanol	   to	   produce	  
methane	  or	  acetate,	  such	  as	  strains	  of	  Clostridium	  coccoides	   (Kamlage,	  Gruhl	  et	  al.	  
1997).	  
	  
Faecal	  ethanol	  and	  methanol	  concentrations	  are	  undoubtedly	   linked	  with	   intestinal	  
microbial	  activity;	  however,	   the	  faecal	  concentrations	  observed,	  as	  with	  the	  SCFAs,	  
do	  not	  necessarily	  reflect	  production	  alone,	  and	  we	  have	  no	  measure	  of	  the	  quantity	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absorbed	   or	   metabolised	   further.	   Nevertheless,	   it	   is	   interesting	   that	   the	   trend	   in	  
methanol	   concentration	   was	   observed	   to	   alter	   within	   the	   8-­‐10	   week	   age	   interval	  
associated	   with	   changes	   in	   other	   microbially-­‐derived	   metabolites;	   again,	   possibly	  
reflecting	   development	   of	   the	   microbiota	   towards	   an	   established	   intestinal	  
ecosystem.	  
	  
4.7.2	   Genotype-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  
	  
In	   contrast	   to	   the	   1H	   NMR	   analysis	   of	   urine	   samples	   from	   the	   Zucker	   rats	   in	   this	  
study,	  the	  faecal	  extracts	  of	  the	  samples	  from	  the	  obese	  and	  lean	  phenotypes	  were	  
not	  found	  to	  differ	  significantly,	  with	  differences	  only	  observed	  at	  five	  weeks	  of	  age.	  
	  
Glucose	   is	   fermented	   by	   intestinal	   microbiota	   to	   produce	   predominantly	   lactate,	  
acetate,	  and	  other	  SCFAs	  (Miller	  and	  Wolin	  1996;	  Egert,	  De	  Graaf	  et	  al.	  2007);	  lactate	  
can	  then	  be	  further	  metabolised	  to	  produce	  SCFAs	  (Duncan,	  Louis	  et	  al.	  2004)	  which	  
are	   readily	   absorbed	   by	   the	   host	   (Ruppin,	   Bar-­‐Meir	   et	   al.	   1980).	   Therefore,	   the	  
difference	   in	   faecal	   glucose	   observed	   at	   5	   weeks	   of	   age	   may	   reflect	   a	   slight	  
difference	   in	   the	   metabolic	   capability	   of	   the	   microbiota	   of	   the	   lean	   and	   obese	  
animals	   at	   the	   beginning	   of	   the	   study.	   It	   is	   also	   possible	   that	   the	   higher	   faecal	  
glucose	   in	  samples	  from	  the	  obese	  animals	  reflects	  the	  higher	  energy	  consumption	  
of	   these	   animals,	   compared	   to	   the	   lean	   strains,	   and	   that	   the	   composition	   of	  
subsequent	   faecal	   samples	   reflect	   adaptation	   of	   the	  microbiota,	   increasing	   energy	  
harvest	  for	  the	  host.	  Interestingly,	  a	  previous	  comparison	  of	  genetically	  obese	  mice	  
found	   that	   the	   energy	   content	   of	   faeces	   was	   significantly	   lower	   for	   obese	   mice	  
compared	  to	  healthy	  controls,	  but	  only	  at	  the	  beginning	  of	  the	  study	  at	  7	  weeks	  of	  
age,	   and	   no	   difference	   was	   observed	   at	   the	   later	   time	   points	   assessed	   (Murphy,	  
Cotter	  et	  al.	  2010).	  
	  
The	   literature	   is	   lacking	   in	   comparative	   1H	  NMR	  analyses	  of	   obese	   and	   lean	   faecal	  
samples	  from	  rats;	  it	  is	  therefore	  difficult	  to	  ascribe	  the	  observed	  lack	  of	  difference	  
between	   differing	   genotypes	   to	   a	   particular	   factor.	   There	   is	   no	   doubt	   that	   the	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physiology	  of	  the	  obese	  and	  lean	  animals	   in	  this	  study	  differed	  significantly,	  and	  1H	  
NMR	  analyses	  of	  urine	  and	  plasma,	  as	  well	  as	  body	  weight	  measurements,	  were	  able	  
to	   demonstrate	   these	   differences	   clearly.	   However,	   the	   composition	   of	   faecal	  
samples	  is	  likely	  to	  have	  been	  much	  more	  extensively	  influenced	  by	  a	  combination	  of	  
complex	  host	  and	  bacterial	  metabolic	  reactions,	  compared	  to	  the	  biofluids	  analysed;	  
though	   the	   nature	   and	   extent	   of	   the	   differences	   in	   microbial	   composition	   or	  
activities	  between	  the	  lean	  and	  obese	  animals	  investigated	  is	  not	  fully	  established.	  
	  
Several	  studies	  have	  demonstrated	  the	  existence	  of	  a	  difference	  in	  the	  microbiota	  of	  
obese	  and	  lean	  individuals	  and	  animals	  (Ley,	  Bäckhed	  et	  al.	  2005;	  Ley,	  Turnbaugh	  et	  
al.	  2006;	  Guo,	  Xia	  et	  al.	  2008;	  Turnbaugh,	  Hamady	  et	  al.	  2009;	  Waldram,	  Holmes	  et	  
al.	  2009),	  and	  evidence	  from	  previous	  studies	  of	  (ob/ob)	  genetically	  obese	  mice,	  as	  
well	   as	   obese	   and	   lean	   individuals,	   have	   indicated	   that	   there	   is	   a	   link	   between	  
increased	  SCFA	  production	  and	  obesity	  (Turnbaugh,	  Ley	  et	  al.	  2006;	  Schwiertz,	  Taras	  
et	  al.	  2009;	  Murphy,	  Cotter	  et	  al.	  2010).	  Additionally,	  propionate	  and	  acetate	  have	  
been	  shown	  to	  stimulate	  adipogenesis	  via	  G	  protein-­‐coupled	  receptor	  (GPR),	  GPR43	  
(Hong,	  Nishimura	  et	  al.	  2005).	  However,	   the	  relationship	  between	  the	  composition	  
and	  activities	  of	   the	  microbiota,	  energy	  harvest	  and	  obesity	  may	  be	  more	  complex	  
than	   perhaps	   previously	   indicated.	   This	   complexity	   was	   highlighted	   by	   a	   recent	  
analysis	   of	   the	   faecal	   energy	   content,	   faecal	   and	   caecal	   SCFA	   concentrations	   and	  
microbial	  composition	  in	  ob/ob	  mice	  and	  wild-­‐type	  mice	  fed	  either	  a	  high-­‐	  or	  low-­‐fat	  
diet	  at	  7,	  11	  and	  15	  weeks	  of	  age.	  It	  was	  found	  that	  diet	  had	  a	  far	  greater	  effect	  on	  
microbiota	   composition,	   compared	   to	  genetically	   induced	  obesity,	   and	   the	  authors	  
suggested	   that	   microbial	   adaptation	   to	   diet	   and	   possible	   age-­‐related	   changes	  
complicated	  interpretation	  of	  the	  results	  (Murphy,	  Cotter	  et	  al.	  2010).	  
	  
It	   is	   also	   important	   to	   note	   the	   considerable	   difference	   in	   composition	   between	  
faecal	  and	  caecal	  samples	  and	  the	  differing	  information	  that	  these	  sample	  sites	  give	  
regarding	   host	   and	   intestinal	   microbiota	   metabolism.	   Significantly	   higher	   caecal	  
acetate	  and	  butyrate	  in	  genetically	  obese	  ob/ob	  8-­‐week-­‐old	  mice,	  compared	  to	  lean	  
controls,	  has	  been	  reported	  previously	  (Turnbaugh,	  Ley	  et	  al.	  2006).	  However,	  these	  
results	  cannot	  be	  directly	  compared	  to	  the	  findings	  of	  this	  study,	  as	  the	  sample	  types	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are	  not	  equivalent.	  The	  caecum	  and	  ascending	  colon	  are	  known	  to	  have	  a	  lower	  pH	  
and	  higher	  concentration	  of	  SCFAs	  compared	  to	  the	  distal	  colon	  (Macfarlane,	  Gibson	  
et	   al.	   1992).	   This	   was	   clearly	   demonstrated	   via	   an	   analysis	   of	   caecal	   and	   faecal	  
samples	   following	   an	   infusion	   of	   starch	   into	   the	   distal	   ileum;	   the	   investigators	  
reported	  an	  increase	  in	  caecal	  volatile	  fatty	  acid	  concentration,	  but	  no	  such	  changes	  
in	   the	   faeces,	   suggesting	   extensive	   carbohydrate	   catabolism,	   followed	   by	   efficient	  
absorption	  of	  catabolic	  products	   in	   the	  colon	   (Flourie,	  Florent	   et	  al.	  1986).	   Indeed,	  
investigators	   have	   commented	   that	   caecal	   sample	   analysis	   is	   essential	   for	  
meaningful	   SCFA	   values	   to	   be	   obtained	   (Campbell,	   Fahey	   et	   al.	   1997).	   The	  
discrepancy	   in	   caecal/faecal	   SCFA	   concentration	   was	   also	   demonstrated	   in	   the	  
aforementioned	   analysis	   of	   genetically	   obese	   ob/ob	  mice;	   it	  was	   found	   that	  while	  
acetate,	   propionate	   and	   butyrate	  were	   detected	   in	   the	   caecum,	   only	   acetate	  was	  
detected	  in	  the	  faecal	  samples	  (Murphy,	  Cotter	  et	  al.	  2010).	  
	  
Whilst	   it	   is	   interesting	   that	   the	   higher	   consumption	   of	   chow	   by	   the	   homozygous	  
obese	  rats	  did	  not	   lead	  to	  significantly	  differing	  SCFA	  spectral	   intensities	  compared	  
to	   the	   lean	   rats,	  with	   the	   rapid	  and	  extensive	   (95-­‐99%)	  absorption	  of	  SCFAs	   in	   the	  
colon	  (Ruppin,	  Bar-­‐Meir	  et	  al.	  1980;	  Pryde,	  Duncan	  et	  al.	  2002),	  the	  faecal	  samples	  
will	  have	   reflected	   the	  combined	  production	  and	  absorption	  of	   SCFAs;	   thus,	   in	   the	  
obese	  animals,	   SFCA	  production	  may	  have	  been	  elevated	  due	   to	   increased	  dietary	  
substrate,	   but	   this	   may	   have	   also	   been	   coupled	   with	   a	   concomitant	   increase	   in	  
absorption	  by	   the	  host,	   leading	   to	  a	   lack	  of	  perceptible	  change	   in	  concentration	   in	  
the	  faecal	  samples.	  Nevertheless,	   it	  still	  remains	   interesting	  that	  despite	  reportedly	  
consuming	  approximately	  30-­‐50%	  more	  food	  than	  their	  lean	  littermates	  (Zucker	  and	  
Zucker	  1962;	  Jenkins	  and	  Hershberger	  1978;	  Harris,	  Tobin	  et	  al.	  1988),	  the	  evidence	  
of	  increased	  chow	  consumption	  was	  not	  detectable	  in	  the	  faecal	  metabolite	  profiles	  
of	  the	  obese	  Zucker	  rats.	  
	  
In	   summary,	   several	   factors	   in	   combination	  may	   have	   led	   to	   the	   apparent	   lack	   in	  
differences	   observed	   between	   the	   obese	   and	   lean	   faecal	   samples:	   the	   apparent	  
complexity	   of	   obesity-­‐related	   differences	   in	   host-­‐microbial	   co-­‐metabolism,	   the	  
dominant	   and	   pervasive	   nature	   of	   the	   age-­‐related	   variation	   in	   the	   faecal	   extracts,	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and	   the	   potentially	   confounding	   effect	   of	   co-­‐habitation	   between	   lean	   and	   obese	  
animals	   leading	   to	   cross-­‐contamination	   of	   intestinal	   microbes.	   Additionally,	   faecal	  
analysis	  may	  not	  have	  been	  the	  most	  suitable	  sample	  choice	  for	  capturing	  any	  subtle	  
differences	   between	   the	   obese	   and	   lean	   phenotypes	   in	   this	   study,	   and	   in	   future,	  
analysis	  of	  both	  faecal	  and	  caecal	  samples	  together	  may	  give	  a	  more	  detailed	  overall	  
picture.	  
	  
4.7.3	   Cage-­‐associated	  variation	  in	  faecal	  metabolite	  profiles	  
	  
The	  analysis	  of	  faecal	  samples	  with	  respect	  to	  metabolite	  differences	  associated	  with	  
cage	   environment	   revealed	   an	   apparently	   inconsistent	   pattern,	   with	   only	   subtle	  
differences	  observed.	  
	  
The	  combined	  findings	  PCA	  and	  OPLS-­‐DA,	  as	  well	  as	  trends	  in	  the	  relative	  intensities	  
of	   individual	  metabolites,	   indicated	  that	  the	  most	  significant	  cage-­‐related	  effect	  on	  
the	   faecal	  metabolite	   profiles	   occurred	   at	   around	   7-­‐10	  weeks	   of	   age.	   At	   this	   time	  
interval,	   the	   samples	   of	   animals	   from	   cage	   three	   appeared	   to	   have	   higher	   faecal	  
acetate,	   and	   samples	   from	   cages	   four	   and	   five	   had	   higher	   n-­‐butyrate	   and	   certain	  
amino	  acids.	  
	  
However,	  the	  significance	  of	  these	  differences	  is	  hard	  to	  assess	  due	  to	  several	  factors	  
in	   the	   study;	   the	  multivariate	   assessment	   of	   any	   cage-­‐effect	   was	   impeded	   by	   the	  
significant	  age-­‐related	  variation	  in	  the	  samples,	  which	  made	  interpretation	  of	  PCA	  in	  
relation	  to	  cage-­‐associated	  clustering	  difficult,	  and	  diminished	  the	  power	  of	  OPLS-­‐DA	  
to	  separate	  samples	  according	  to	  cage	  due	  to	  sub-­‐classes	  of	  differing	  time	  intervals.	  
Further	   to	   this,	   the	   time	   interval	   associated	   with	   the	  most	   apparent	   cage-­‐related	  
clustering	  of	  samples	  (7-­‐10	  weeks	  of	  age),	  was	  also	  associated	  with	  numerous	  outlier	  
samples,	  which	   skewed	  PCA	   scores	   plots.	   In	   addition,	   univariate	   statistical	   analysis	  
on	   individual	  metabolite	   relative	   intensities	  was	   considered	   unsuitable	   due	   to	   the	  
low	  sample	  number	  per	  cage,	  with	  additional	  high	   inter-­‐sample	  variation	  observed	  
for	  the	  key	  discriminatory	  metabolites	  highlighted	  by	  multivariate	  analysis.	  	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   152	  
	  
	  
It	   is	   interesting	   that	   the	   subtle	   cage-­‐clustering	   effect	   observed	   coincided	  with	   the	  
changes	   in	   age-­‐related	   relationships	   for	   the	   individual	   metabolites	   analysed	   (at	  
approximately	  8-­‐10	  weeks);	  though	  the	  significance	  of	  this	  difficult	  to	  gauge	  due	  to	  
the	  analytical	  factors	  discussed.	  
	  
The	   cage	   environment	   has	   proved	   influential	   during	   recolonisation,	   following	  
cessation	   of	   antibiotic	   treatment,	   with	   a	   cage-­‐dependent	   effect	   observed	   in	   both	  
fluorescence	  in	  situ	  hybridization	  analysis	  of	  the	  microbiota,	  and	  1H	  NMR	  analysis	  of	  
urine	  metabolite	  profiles	  (Swann,	  Tuohy	  et	  al.	  2011).	  Nevertheless,	  the	  present	  study	  
differs	   significantly	   from	  this	  example,	   in	   that	   the	  animals	  were	  already	   ‘colonised’	  
when	   they	  were	   selectively	   housed	   together	   at	   five	  weeks	   of	   age.	   After	   birth,	   the	  
intestine	  is	  initially	  colonised	  by	  microbial	  sources	  such	  as	  the	  birth	  canal	  and	  faecal	  
material	   (Mackie,	   Sghir	   et	   al.	   1999;	   Favier,	   de	   Vos	   et	   al.	   2003),	   and	   this,	   together	  
with	   the	   initial	   housing	   microenvironment,	   host	   genotype	   and	   diet,	   among	   other	  
factors,	   will	   no	   doubt	   have	   also	   impacted	   the	   development	   of	   the	   intestinal	  
microbiota	  of	  the	  animals,	  as	  demonstrated	  by	  previous	  investigators	  (Friswell,	  Gika	  
et	  al.	  2010).	   It	   is	  possible	   that	  post-­‐weaning,	  at	  approximately	   three	  weeks	  of	  age,	  
there	  is	  a	  limited	  extent	  to	  which	  the	  cage	  environment	  can	  have	  an	  impact	  on	  the	  
microbiota,	   within	   the	   limits	   of	   a	   highly	   controlled	   animal	   study	   such	   as	   this,	  
considering	   the	   relative	   stability	   of	   the	   intestinal	   microbiota	   once	   established	  
(Zoetendal,	  Akkermans	  et	  al.	  1998;	  Vanhoutte,	  Huys	  et	  al.	  2004).	  
	  
In	   addition,	   as	   with	   the	   genotype-­‐associated	   variation	   already	   discussed,	   faecal	  
samples	  may	   not	   represent	   the	   best	   sample	   choice	   for	   visualising	   cage-­‐associated	  
intestinal	  microbial	  variation.	  Indeed,	  1H	  NMR	  analysis	  of	  urine	  has	  previously	  been	  
shown	  to	  be	  more	  sensitive,	  compared	  to	  faecal	  samples,	  in	  characterising	  microbial	  
differences	   (Swann,	   Tuohy	   et	   al.	   2011).	   Although	   the	   sample	   choice	  may	   not	   fully	  
capture	   the	   cage-­‐related	   variation	   in	   host-­‐microbial	   co-­‐metabolism,	   the	  
contribution,	   although	  modest,	   of	   the	   cage	   environment	   to	   the	   faecal	   metabolite	  
profile	  highlights	  the	  need	  to	  control	  for	  this	  variable	  in	  future	  metabonomic	  studies.	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4.8	   Conclusions	  
	  
Metabonomic	   analysis	   of	   faecal	   extracts	   demonstrated	   clear	   age-­‐related	   variation	  
across	   a	   ten	   week	   period,	   potentially	   representing	   the	   age-­‐related	   variation	   in	  
nutritional	   intake,	   host	   physiological	   metabolism	   and	   the	   development	   of	   an	  
established	   intestinal	  microbiota.	  Whilst	   only	   subtle	   variation	   relating	   to	   genotype	  
and	  cage-­‐environment	  were	  observed,	  this	  may,	  in	  part,	  be	  due	  to	  the	  suitability	  of	  
the	   sample	   choice,	   as	   faecal	   extracts	   may	   not	   represent	   the	   best	   choice	   for	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5.	   Age	  and	  cage	  environment-­‐related	  variation	  in	  the	  faecal	  
microbiota	  of	  the	  Zucker	  rat	  
	  
5.1	   Summary	  
	  
The	   faecal	   bacterial	   profiles	   of	   lean	   and	   obese	   Zucker	   rats	   have	   previously	   been	  
shown	  to	  differ;	  however,	  as	  the	  animals	  were	  housed	  according	  to	  genotype,	  some	  
of	   the	   reported	   differences	  may	   have	   simply	   resulted	   from	   the	  microenvironment	  
within	  each	  cage.	  Therefore,	  we	  designed	  a	  study	  to	  address	  this	  confounding	  factor,	  
with	  lean	  and	  obese	  Zucker	  rats	  housed	  within	  the	  same	  cage.	  	  
	  
The	  effect	  of	  mixed-­‐strain	  housing	  of	  five	  week	  old	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  
(fa/+),	  Zucker	  rats	  on	  the	  evolution	  and	  development	  of	  the	  intestinal	  microbiome	  of	  
the	   animals	   over	   the	   course	   of	   ten	   weeks,	   was	   investigated	   using	   metagenomic	  
profiling	  of	  the	  intestinal	  microbiota	  via	  pyrosequencing	  of	  faecal	  samples.	  A	  total	  of	  
18	  animals	  were	  housed	   in	  six	  cages,	  each	  containing	  one	  animal	  from	  each	  strain;	  
faecal	   bacteria	   profiles	   were	   collected	   at	   four	   time	   points,	   from	   five	   to	   fourteen	  
weeks	   of	   age.	   Both	   multivariate	   PCA	   and	   OPLS	   analysis)	   and	   univariate	   statistical	  
techniques	  were	   applied	   to	   the	   dataset	  and	   showed	   clear	   age-­‐related	   variation	   in	  
the	  relative	  abundance	  of	  certain	  phyla	  and	  bacterial	  families,	  including	  a	  clear	  age-­‐
related	   decrease	   in	   the	   Firmicutes:Bacteroidetes	   ratio	   and,	   at	   the	   family	   level,	   a	  
reduction	   in	   Bacteroidaceae	   and	   Peptostreptococcaceae,	   and	   an	   increase	   in	  
Ruminococcaceae	  with	  increasing	  age.	  	  
	  
Despite	   significantly	   differing	   body	   weights,	   no	   significant	   differences	   were	   found	  
between	  the	  faecal	  bacteria	  profiles	  of	  the	  obese	  and	  lean	  Zucker	  rats,	  at	  either	  the	  
phylum	   or	   family	   level.	   Conversely,	   cage-­‐environment-­‐based	   clustering	   of	   samples	  
was	   clearly	   apparent,	   with	   the	   most	   marked	   differences	   at	   the	   beginning	   of	   the	  
study.	   With	   previous	   evidence	   of	   differences	   in	   urinary	   metabolites	   of	   host-­‐
microbiome	   co-­‐metabolic	   origin	   found	   between	   the	   obese	   and	   lean	   rats,	   and	   no	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perceptible	   difference	   in	   the	   composition	   of	   the	   intestinal	   bacteria	   of	   the	   two	  
phenotypes,	   these	   results	   suggest	   that	   the	   contribution	   of	   the	  microbiota	   to	   host	  
metabolism	   is	   not	   straightforward,	   and	   indicates	   that	   variation	   in	   functional	   host-­‐
microbial	   interaction,	   based	   on	   host	   phenotype	   and	   differing	   chow	   consumption,	  
may	  not	  be	  reflected	  in	  bacterial	  compositional	  profiling.	  
	  
These	   results	  demonstrate	   the	  variability	  of	   the	   faecal	  microbiota	   through	  puberty	  
and	  post-­‐puberty	  in	  the	  rat,	  and	  highlight	  the	  importance	  of	  the	  microenvironment	  
in	  influencing	  the	  composition	  of	  the	  intestinal	  microbiota	  through	  infancy.	  
	  
5.2	   Aim	  
	  
To	  investigate	  the	  effect	  of	  mixed-­‐strain	  housing	  of	  obese	  (fa/fa)	  and	  lean,	  (+/+)	  and	  
(fa/+),	   Zucker	   rats	   on	   the	   evolution	   and	   development	   of	   the	   composition	   of	   the	  
faecal	   microbiota	   of	   the	   animals	   from	   five	   to	   fourteen	   weeks	   of	   age,	   using	   next	  
generation	  454	  pyrosequencing.	  
	  
5.3	   Objectives	  
	  
• Investigate	   and	   compare	   the	   age-­‐related	   changes	   in	   faecal	   bacterial	   profile	  
associated	  with	  maturation	  in	  healthy,	   lean	  Zucker	  rats,	  and	  the	  progression	  of	  
metabolic	  syndrome	  in	  the	  obese	  rats	  
• Examine	   variation	   in	   the	   faecal	   microbiota	   relating	   to	   the	   cage	  
microenvironment	  
• Assess	   whether	   any	   compositional	   differences	   exist	   between	   the	   faecal	  
microbiota	  of	  the	  two	  lean	  strains	  of	  the	  Zucker	  rat	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5.4	   Introduction	  
	  
The	  intestinal	  microbiome	  and	  its	  relationship	  to	  host	  health	  and	  disease	  has	  gained	  
significant	  attention	  recently,	  with	  the	  Human	  Microbiome	  Project	  launched	  in	  2008	  
seeking	  to	  elucidate	  the	  genetic	  composition	  and	  metabolic	  functions	  of	  the	  human	  
microbiome,	   and	   how	   these	   relate	   to	   normal	   human	   physiology	   and	   disease	   risk	  
(Turnbaugh,	   Ley	   et	   al.	   2007).	   Considerable	   interest	   has	   focused	   on	   the	   possible	  
associations	  between	  obesity	  and	  the	  composition	  and/or	  functions	  of	  the	  intestinal	  
microbiota	   in	   both	   animal	   (Ley,	   Bäckhed	   et	   al.	   2005;	   Turnbaugh,	   Ley	   et	   al.	   2006;	  
Turnbaugh,	   Backhed	   et	   al.	   2008;	   Hildebrandt,	   Hoffmann	   et	   al.	   2009;	   Turnbaugh,	  
Ridaura	   et	  al.	   2009;	  Murphy,	  Cotter	   et	  al.	   2010;	  Geurts,	   Lazarevic	   et	  al.	   2011)	   and	  
human	  (Ley,	  Turnbaugh	  et	  al.	  2006;	  Duncan,	  Lobley	  et	  al.	  2008;	  Nadal,	  Santacruz	  et	  
al.	  2008;	  Armougom,	  Henry	  et	  al.	  2009;	  Mai,	  McCrary	  et	  al.	  2009;	  Schwiertz,	  Taras	  et	  
al.	   2009;	   Turnbaugh,	   Hamady	   et	   al.	   2009;	   Balamurugan,	   George	   et	   al.	   2010;	  
Santacruz,	  Collado	  et	  al.	  2010;	  Luoto,	  Kalliomaki	  et	  al.	  2011)	  studies.	  
	  
Recent	   findings	   have	   demonstrated	   that	   the	   development	   of	   the	  microbiota	   from	  
birth	   through	   infancy	   and	   beyond	   is	   dependent	   on	   several	   genetic	   and	  
environmental	   factors.	   For	  example,	   investigators	  have	  highlighted	   the	   significance	  
of	   the	  mother’s	   microbiota	   in	   shaping	   the	   bacterial	   communities	   acquired	   by	   the	  
infant	   (Dominguez-­‐Bello,	   Costello	   et	   al.	   2010),	   and	   the	   environment	   in	   which	   the	  
child	   is	   born	   (at	   home	   or	   in	   hospital)	   has	   also	   been	   shown	   to	   influence	   the	  
composition	  of	  the	  intestinal	  microbiota	  in	  early	  infancy	  (Penders,	  Thijs	  et	  al.	  2006).	  
	  
This	  study	  seeks	  to	  explore	  the	  extent	  of	  compositional	  differences	  in	  the	  intestinal	  
microbiota	   relating	   to	   obesity,	   and	   how	   this	   variation	  manifests	   and	   evolves	   from	  
infancy	  and	  maturation	  to	  adulthood.	  Additionally,	  as	   leptin-­‐resistant	  obese	  Zucker	  
rats	   consume	  approximately	  30-­‐50%	  more	   food	   than	   their	   lean	   littermates	   (Zucker	  
and	  Zucker	  1962;	  Barry	  and	  Bray	  1969;	  Jenkins	  and	  Hershberger	  1978;	  Harris,	  Tobin	  
et	   al.	   1988),	   variation	   in	   the	   bacterial	   profiles	   arising	   from	   differing	   chow	  
consumption	  will	  be	  examined.	  Finally,	  the	  significance	  of	  the	  microenvironment	  on	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   157	  
	  
the	  composition	  of	  the	  microbiota	  will	  be	  investigated,	  in	  response	  to	  the	  questions	  
raised	  by	  the	  aforementioned	  Zucker	  rat	  study	  (Waldram,	  Holmes	  et	  al.	  2009).	  	  
	  
5.5	   Methods	  
	  
5.5.1	   Animals	  and	  sample	  collection	  
	  
Details	  of	  animal	  housing	  and	  faeces	  collection	  are	  detailed	  in	  the	  previous	  chapter.	  
	  
5.5.2	   Sample	  preparation	  	  
	  
The	   faecal	   samples	  were	  prepared	   for	  16S	   rRNA	  gene	  profiling	  as	  described	   in	   the	  
Materials	  and	  Methods	  chapter.	  Samples	  were	  sent	  to	  the	  University	  of	  Liverpool	  to	  
be	  sequenced	  on	  a	  Roche	  454	  GS	  FLX.	  
	  
5.5.3	   Processing	  of	  454	  sequence	  data	  
	  
Samples	  were	  processed	  using	   the	  Ribosomal	  Database	   Project	   (RDP)	   pyropipeline	  
(Cole,	  Wang	   et	   al.	   2009)	   as	   described	   in	   the	  Materials	   and	  Methods	   chapter.	   The	  
resultant	  relative	  abundance	  values	  were	  used	  for	  multivariate	  (PCA,	  OPLS	  and	  OPLS-­‐
DA)	  and	  univariate	  (one-­‐way	  ANOVA)	  statistical	  analyses.	  
	  
5.5.4	   Statistical	  analysis	  
	  
5.5.4.1	   Multivariate	  analysis	  
	  
The	  relative	  abundance	  values	  were	  filtered	  so	  that	  only	  bacteria	  detected	  in	  at	  least	  
75%	  of	  animals	  per	  group	  were	   included	   in	  models.	  PCA	  was	  performed	  on	  mean-­‐
centred,	   Pareto-­‐scaled	   data	   for	   phylum-­‐level	   data,	   using	   SIMCA	   12.0	   (Umetrics	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2009).	  Due	  to	  the	  small	  number	  of	  classes	  compared	  at	  the	  phylum	  level	  (three	  phyla	  
were	   present	   in	   75%	  of	   samples),	   it	  was	   decided	   PCA	  was	   sufficient	   to	  model	   the	  
data	  (with	  no	  further	  supervised	  analysis).	  For	  PCA	  modelling	  of	  family-­‐level	  profiles,	  
data	  were	  again	  mean-­‐centred	  and	  a	   log10	   transformation	  was	  required	  due	  to	  the	  
distribution	  of	  the	  data,	  a	  processing	  step	  used	  by	  other	  investigators	  (Benson,	  Kelly	  
et	  al.	  2010).	  OPLS/OPLS-­‐DA	  was	  performed	  in	  MATLAB,	  using	  a	  procedure	  developed	  
in-­‐house	  (Cloarec,	  Dumas	  et	  al.	  2005);	  the	  OPLS-­‐DA	  models	  were	  constructed	  using	  
unit-­‐variance	   scaled	   relative	   abundance	   data	   as	   the	   descriptor	   matrix	   and	   class	  
information	  (age,	  genotype	  or	  cage)	  as	  the	  response	  variable	  (Y	  predictor).	  With	  the	  
supervised	  analysis,	  the	  relative	  abundance	  values	  were	  filtered	  on	  a	  per-­‐time	  point	  
basis,	  such	  that	  bacteria	  detected	  in	  at	  least	  75%	  of	  animals	  per	  group	  at	  each	  time	  
point	  were	  included	  in	  models,	  as	  certain	  families	  were	  present	  in	  75%	  of	  samples	  at	  
selected	  time	  points	  only	  (the	  family	  Prevotellaceae,	   for	  example).	  Seven-­‐fold	  cross	  
validation	  was	  performed,	  and	   the	  number	  of	  orthogonal	   components	  determined	  
using	   the	  R2Y	  and	  Q2Y	   values	  obtained.	   The	  validity	  of	   the	  Q2Y	  of	   each	  model	  was	  
tested	   using	   a	   permutation	   test,	   wherein	   the	   Y	   matrix	   was	   permuted	   1000	   times	  
(using	  a	  script	  in	  Matlab	  written	  by	  Dr	  S	  Richards).	  
	  
5.5.4.2	   Univariate	  analysis	  
	  
Univariate	   statistical	   analysis	   was	   performed	   using	   Graphpad	   Prism	   (GraphPad	  
Software,	   San	  Diego,	   CA).	   So	   the	   assumptions	   of	   the	   one-­‐way	   analysis	   of	   variance	  
(ANOVA)	  were	  met,	  the	  data	  were	  assessed	  for	  normality	  prior	  to	  analysis	  using	  the	  
D'Agostino-­‐Pearson	   test,	   and	   the	  Bartlett’s	   test	   for	   equality	   of	   variance;	   discretion	  
was	  used	  when	  interpreting	  results,	  particularly	  when	  considering	  the	  small	  sample	  
size	  of	  the	  groups	  compared.	  The	  differences	  between	  samples	  from	  differing	  time	  
points	   were	   assessed	   using	   one-­‐way	   ANOVA	   and	   Tukey-­‐Kramer	   multiple	  
comparisons	  test.	  	  
	  
5.6	   Results	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5.6.1	   Age-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  phylum	  level	  
	  
To	  gain	  an	  initial	  overview	  of	  the	  trends	  in	  the	  phylum	  data	  across	  all	  time	  points	  of	  
the	  study,	  PCA	  was	  employed	  using	  the	  three	  most	  abundant	  phyla:	  Bacteroidetes,	  
Firmicutes	  and	  Actinobacteria,	  in	  accordance	  with	  the	  75%	  detection	  limit	  described	  
in	  the	  methods	  section,	  and	  showed	  a	  clear	  age-­‐related	  trend	  in	  the	  data	  (figure	  48).	  
As	   to	  be	  expected	  with	  such	  a	  small	  number	  of	  variables,	   the	  majority	  of	  variation	  
was	  described	  in	  the	  first	  PC	  (97.7%)	  relating	  to	  a	  reduction	  in	  the	  ratio	  of	  Firmicutes:	  
Bacteroidetes	  in	  the	  loadings.	  This	  pattern	  is	  clearly	  illustrated	  in	  figure	  49,	  with	  the	  
reduction	  in	  the	  ratio	  of	  Firmicutes:	  Bacteroidetes	  most	  pronounced	  from	  week	  five	  
to	   seven.	   Relatively	   large	   inter-­‐animal	   variation	  was	   apparent	   and	   can	   be	   seen	   in	  
figure	   49	   (B);	   for	   example,	   at	   week	   five	   the	   relative	   abundance	   of	   Bacteroidetes	  
spanned	  between	  <	  1%	  to	  40%	  of	  the	  total	  sample,	  while	  Firmicutes	  were	  detected	  
at	  between	  56%	  and	  96%	  of	  the	  total	  sample	  at	  this	  time	  point.	  
	  
Box	  plots	  were	  produced	  for	  a	  more	  detailed	  analysis	  of	  the	  age-­‐related	  variation	  in	  
the	   relative	  abundance	  of	  each	  phylum	  detected	   in	   the	   faecal	   samples	   (figure	  50);	  
the	  most	   significant	   finding	   was	   an	   age-­‐related	   three-­‐fold	   increase	   in	   the	   relative	  
abundance	  of	  bacteria	  from	  the	  phylum	  Bacteroidetes,	  with	  a	  concomitant	  decrease	  
in	   Firmicutes.	   Additionally,	   the	   relative	   abundance	   of	   the	   phylum	   Actinobacteria	  
showed	  a	  weak	  age-­‐related	  increase.	  	  
	  
Although	   differences	   can	   clearly	   be	   seen	   between	   samples	   from	   weeks	   five	   and	  
seven,	   calculating	   the	   statistical	   significance	   of	   these	   differences	  was	   problematic.	  
One-­‐way	  ANOVA	  analysis	  detected	  a	  significant	  difference	  between	  the	  means	  of	  the	  
relative	   abundances	   of	   Firmicutes	   and	   Bacteroidetes	   at	   different	   time	   points.	  
However,	  the	  data	  were	  found	  to	  be	  heteroscedastic,	  using	  Bartlett's	  test	  for	  equal	  
variances,	  and	  thus	  the	  assumptions	  for	  the	  one-­‐way	  ANOVA	  were	  not	  met.	  Several	  
transformations	   were	   performed	   in	   an	   attempt	   to	   correct	   for	   this,	   but	   none	  
succeeded	  in	  reducing	  the	  difference	  in	  variances	  between	  the	  groups.	  Nevertheless,	  
it	  is	  clear	  from	  the	  PCA	  scores	  plots,	  that	  by	  far	  the	  most	  dominant	  variation	  in	  the	  
samples	  was	  the	  time	  of	  sample	  collection.	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Figure	   48:	   PCA	   scores	   plots	   generated	   using	   relative	   abundance	   values	   of	   the	   three	   most	   abundant	   phyla:	  
Bacteroidetes,	   Firmicutes	   and	   Actinobacteria,	   in	   samples	   collected	   from	   all	   animals	   at	   all	   time	   points	   (mean	  
centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.99,	  Q2	  =	  0.96).	  Principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  are	  shown	  with	  
the	  percentage	  of	  explained	  variance	  described	  by	  each	  component.	  A:	  Samples	  are	  coloured	  according	   to	   the	  
age	   (in	  weeks)	   at	  which	   the	   sample	  was	   collected.	   B:	   Samples	   are	   coloured	   according	   to	   the	   genotype	   of	   the	  
animal.	  C:	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  The	  scores	  plot	  in	  (A)	  can	  be	  used	  as	  
a	   reference	   for	   the	   sample	   time	   points;	   the	   time	   points	   are	   not	   shown	   in	   (B)	   and	   (C)	   to	   aid	   visualisation	   of	  
potential	  trends.	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Figure	   49:	   A:	  mean	   relative	   abundances	   of	   each	   phylum	   for	   all	   animals	   at	   each	   time	   point.	   B:	   phylum-­‐level	  
composition	   across	   all	   68	   animal	   samples	   ordered	   by	   time	   point.	   Key:	   O	   =	   obese,	   L	   =	   homozygous	   lean,	   H	   =	  
heterozygous	   lean;	   number	   indicates	   cage	   number	   1-­‐6.	   Phylum	   key:	   ‘Others’	   composed	   of	   TM7	   and	  
Verrucomicrobia.	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Figure	  50:	  Box	  plots	  of	  the	  relative	  abundance	  of	  each	  phylum	  for	  all	  animal	  samples	  demonstrating	  the	  median,	  
lower	   and	   upper	   quartiles,	   and	   the	   smallest	   and	   largest	   observations	   for	   each	   time	   point.	   Outliers	   are	  
represented	  by	  black	  filled	  circles.	  	  
	  
5.6.2	   Age-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  family	  level	  
	  
PCA	   was	   used	   to	   model	   the	   relative	   abundance	   data	   at	   the	   family	   level,	   and	  
described	   a	  moderate	   age-­‐associated	   trend	   in	   variation	   in	   principal	   components	   1	  
and	  3	  (figure	  	  51).	  The	  loadings	  for	  this	  model	  showed	  that	  aging	  was	  associated	  with	  
a	  generalised	  increase	  in	  the	  relative	  abundance	  of	  faecal	  bacteria	  from	  the	  families	  
Lachnospiraceae	   and	  Ruminococcaceae,	   and	   a	   decrease	   in	   Peptostreptococcaceae,	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Rikenellaceae	  and	  Bacteroidaceae,	  with	  the	  decrease	  in	  Bacteroidaceae	  appearing	  to	  
be	   particularly	   important	   for	   describing	   the	   age-­‐related	   variation	   in	   the	   data.	   The	  
OPLS	  analysis	  of	  all	  samples,	  with	  age	  as	  the	  Y	  predictor	  (figure	  	  52),	  demonstrated	  
correlations	  between	  age	  and	  relative	  abundance	  of	  bacteria	  in	  agreement	  with	  the	  
trends	  highlighted	  in	  PCA,	  although	  as	  expected	  OPLS	  provided	  clearer	  interpretation	  
of	  the	  strength	  of	  correlation	  to	  this	  particular	  source	  of	  variation,	  compared	  to	  PCA.	  
	  
Box	   plots	  were	   useful	   for	   identifying	   significant,	   but	   non-­‐linear	   age-­‐related	   trends	  
(figure	   54).	   This	   can	   be	   seen	   with	   bacteria	   of	   the	   family	   Lachnospiraceae;	  
multivariate	   analysis	   indicated	   a	   modest	   age-­‐related	   positive	   correlation	   with	   this	  
family,	  however,	  the	  box	  plot	  clearly	  demonstrated	  an	  increase	  from	  weeks	  5	  to	  10,	  
followed	  by	  a	  reduction	  between	  weeks	  10	  and	  14.	  In	  addition,	  the	  box	  plots	  show	  
the	  variation	  in	  the	  spread	  of	  the	  data	  from	  one	  time	  point	  to	  the	  next,	  and	  the	  large	  
inter-­‐animal	   variation,	   with	   certain	   outlier	   animals	   observed	   to	   have	  much	   higher	  
relative	   abundances	   of	   Rikenellaceae	   and	   Veillonellaceae.	   Key	   findings	   included	   a	  
clear	  reduction	  in	  Bacteroidaceae	  from	  weeks	  7	  to	  10	  of	  the	  study,	  with	  this	  family	  of	  
bacteria	  failing	  to	  be	  detected	  in	  samples	  from	  several	  animals	  at	  weeks	  10	  and	  14	  of	  
the	  study,	  despite	  being	  detected	  at	  a	  mean	  abundance	  of	  9.55%	  at	  the	  beginning	  of	  
the	   study.	   In	   addition,	   an	   increase	   in	   the	   relative	   abundance	  of	  Ruminococcaceae,	  
with	   an	   associated	   increase	   in	   inter-­‐animal	   variation	   was	   clearly	   evident.	   	   The	  
relative	   abundance	   of	   bacteria	   from	   the	   family	   Bifidobacteriaceae	   also	   increased	  
with	  aging,	  with	  detection	   in	  only	  38.9%	  of	   samples	  at	   the	  beginning	  of	   the	   study,	  
and	   then	   88.9%	   of	   samples	   by	   week	   14	   of	   the	   study.	   One-­‐way	   ANOVA	   detected	  
significant	   differences	   between	   the	   means	   of	   the	   relative	   abundances	   of	  
Bacteroidaceae,	   Bifidobacteria,	   Lachnospiraceae,	   Peptostreptococcaceae	   and	  
Ruminococcaceae	  at	  differing	  time	  points.	  However,	  as	  with	  the	  phylum	  level	  data,	  
the	  variances	  of	  the	  data	  for	  each	  time	  point	  were	  found	  to	  be	  significantly	  different,	  
and	  so	  one-­‐way	  ANOVA	  analysis	  was	  not	  appropriate	  for	  this	  data	  set.	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Figure	   51:	   PCA	   scores	   plots	   generated	   using	   relative	   abundance	   values	   of	   the	   six	   most	   abundant	   families:	  
Bacteroidaceae,	   Porphyromonadaceae,	   Rikenellaceae,	   Lachnospiraceae,	   Ruminococcaceae	   and	  
Peptostreptococcaceae,	  in	  samples	  collected	  from	  all	  animals	  at	  all	  time	  points	  (Log10	  transformed,	  mean	  centred	  
data;	   R2	   =	   0.83,	   Q2	   =	   0.01).	   Principal	   components	   1	   and	   3	   (PC1	   and	   PC3)	   are	   shown	   with	   the	   percentage	   of	  
explained	  variance	  described	  by	  each	   component.	  A:	   Samples	  are	   coloured	  according	   to	   the	  age	   (in	  weeks)	   at	  
which	  the	  sample	  was	  collected.	  B:	  Samples	  are	  coloured	  according	  to	  the	  genotype	  of	  the	  animal.	  C:	  Samples	  are	  
coloured	  according	   to	   the	  cage	   (1-­‐6)	  of	  each	  animal.	  The	  scores	  plot	   in	   (A)	   can	  be	  used	  as	  a	   reference	   for	   the	  
sample	  time	  points;	  the	  time	  points	  are	  not	  shown	  in	  (B)	  and	  (C)	  to	  aid	  visualisation	  of	  potential	  trends.	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Figure	   52:	   OPLS	   model	   generated	   from	   the	   relative	   abundance	   values	   of	   the	   ten	   most	   abundant	   families	   in	  
samples	   collected	   from	   all	   animals	   at	   all	   ages	   of	   the	   study,	   using	   age	   as	   the	   Y	   predictor	   (one	   predictive	  
component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.58,	  Q2Y	  =	  0.51,	  R2X	  =	  0.39).	  A:	  Cross-­‐validated	  scores	  plot	  
demonstrating	   between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	  
orthogonal	   component	   (TYosc	   1).	   B:	   Corresponding	   coefficient	   plot	   representing	  which	  bacterial	   families	  were	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Figure	   53:	   A:	   mean	   relative	   abundances	   of	   each	   family	   for	   all	   animals	   at	   each	   time	   point.	   B:	   family-­‐level	  
composition	   across	   all	   68	   animal	   samples	   ordered	   by	   time	   point.	   Key:	   O	   =	   obese,	   L	   =	   homozygous	   lean,	   H	   =	  
heterozygous	   lean;	   number	   indicates	   cage	   number	   1-­‐6.	   Family	   key:	   ‘Others’	   composed	   of	   the	   families:	  
Alcaligenaceae,	   Anaeroplasmataceae,	   Bacillaceae,	   Clostridiaceae,	   Enterobacteriaceae,	   Erysipelotrichaceae,	  
Eubacteriaceae,	   Halomonadaceae,	   Incertae	   Sedis	   XIII,	   Incertae	   Sedis	   XIV,	   Lactobacillaceae,	   Peptococcaceae,	  
Pseudomonadaceae	  and	  Sphingomonadaceae.	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Figure	   54:	   Box	   plots	   of	   the	   relative	   abundance	   of	   the	   ten	   most	   abundant	   families	   for	   all	   animal	   samples	  
demonstrating	  the	  median,	   lower	  and	  upper	  quartiles,	  and	  the	  smallest	  and	   largest	  observations	  for	  each	  time	  
point.	  Outliers	  are	  represented	  by	  black	  filled	  circles.	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5.6.3	   Genotype-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  phylum	  level	  
	  
PCA	  modelling	  of	  the	  relative	  abundance	  values	  for	  samples	  across	  all	  time	  points	  at	  
the	   phylum	   level	   revealed	   no	   obvious	   genotype-­‐associated	   clustering	   of	   samples	  
(figure	   48).	   In	   addition,	   PCA	   models	   constructed	   for	   each	   time	   point	   separately	  
showed	  that	  the	  bacteria	  profiles	  were	  similar	  for	  all	  three	  genotypes,	  with	  only	  the	  
model	  of	  week	  7	  data	  showing	  partial	  clustering	  of	  the	  samples	  by	  genotype,	  due	  to	  
slightly	  reduced	  abundance	  of	  the	  phyla	  Actinobacteria	  (appendix,	  figure	  99).	  
	  
The	  similarity	  in	  mean	  relative	  abundances	  of	  the	  phyla	  detected	  between	  genotypes	  
is	   clearly	   illustrated	   by	   figure	   55,	   with	   the	   slightly	   higher	   average	   Bacteroidetes:	  
Firmicutes	   ratio	   in	   heterozygous	   lean	   animal	   samples	   at	  week	   10	   of	   the	   study	   the	  
only	  difference	  visible.	  No	  difference	  in	  the	  Firmicutes:	  Bacteroidetes	  ratio	  between	  
the	  obese	  and	  lean	  phenotypes	  was	  evident	  at	  any	  time	  point.	  
	  
One-­‐way	  ANOVA	   tests	  were	  performed	  on	   the	   relative	   abundance	   values	   for	   each	  
phylum	  at	  each	  time	  point;	   the	  relative	  abundance	  of	  Proteobacteria	  was	   found	  to	  
be	  higher	  in	  samples	  from	  homozygous	  lean	  animals	  at	  week	  5	  (figure	  56).	  However,	  
the	  means	   for	   each	   genotype	  were	   not	   found	   to	   be	   significantly	   different	   for	   any	  
other	  phyla	  at	  any	  of	  the	  four	  time	  points	  (appendix,	  figure	  100).	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Figure	  55:	  A:	  mean	   relative	  abundances	  of	  each	  phylum	   for	  each	  genotype	   (all	   time	  points	   included).	  B:	  mean	  
relative	   abundances	   of	   each	   phylum	   for	   each	   genotype	   at	   each	   time	   point	   separately.	   Phylum	   key:	   ‘Others’	  
composed	  of	  TM7	  and	  Verrucomicrobia.	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Figure	   56:	   Box	   plots	   of	   the	   relative	   abundance	   of	   Proteobacteria	   for	   each	   genotype	   at	   each	   time	   point.	   The	  
median,	   lower	   and	  upper	   quartiles,	   and	   the	   smallest	   and	   largest	   observations	   for	   each	   time	  point	   are	   shown;	  
outliers	   are	   represented	   by	   black	   filled	   circles.	   Asterisks	   indicate	   significant	   differences	   (one-­‐way	   ANOVA,	  
followed	  by	  Tukey-­‐Kramer	  multiple	  comparisons	  test,	  *	  P	  <	  0.05;	  **	  P	  <	  0.01;	  ***	  P<	  0.001).	  
	  
	  
5.6.4	   Genotype-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  family	  level	  
	  
At	  the	  family	  level,	  no	  genotype-­‐associated	  separation	  was	  observed	  in	  PCA	  models	  
constructed	  including	  all	  time	  points	  (figure	  51),	  or	  each	  time	  point	  separately.	  OPLS-­‐
DA	  models	  were	  produced	  comparing	  each	  genotype	  at	  each	  time	  point,	  but	  no	  valid	  
models	  could	  be	  created,	  suggesting	  that	  the	  faecal	  bacterial	  profiles	  did	  not	  differ	  
based	  on	  genotype.	  
	  
Figure	  57	  demonstrates	   the	   very	  modest	   differences	  observed	  between	   the	  obese	  
and	   lean	   phenotypes	   at	   separate	   time	   points,	   for	   example	   slightly	   higher	  
Veillonellaceae	  and	  Prevotellaceae	   in	  the	  obese;	  however,	  one-­‐way	  ANOVA	  analysis	  
found	  no	  significant	  differences	  between	  genotypes	  for	  an	  bacterial	  family.	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Figure	   57:	  A:	  mean	   relative	   abundances	   of	   each	   family	   for	   each	   genotype	   (all	   time	   points	   included).	   B:	  mean	  
relative	   abundances	   of	   each	   family	   for	   each	   genotype	   at	   each	   time	   point	   separately.	   Family	   key:	   ‘Others’	  
composed	  of	  the	  families:	  Alcaligenaceae,	  Anaeroplasmataceae,	  Bacillaceae,	  Clostridiaceae,	  Enterobacteriaceae,	  
Erysipelotrichaceae,	   Eubacteriaceae,	   Halomonadaceae,	   Incertae	   Sedis	   XIII,	   Incertae	   Sedis	   XIV,	   Lactobacillaceae,	  
Peptococcaceae,	  Pseudomonadaceae	  and	  Sphingomonadaceae.	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5.6.5	   Cage-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  phylum	  level	  
	  
The	  PCA	  model	   constructed	  using	   relative	  abundance	  values	   for	   samples	  across	  all	  
time	   points	   at	   the	   phylum	   level	   did	   not	   demonstrate	   obvious	   cage-­‐associated	  
clustering	  of	  samples	  (figure	  48).	  However,	  the	  age-­‐associated	  variation	  in	  the	  data	  
complicated	  interpretation	  of	  this	  scores	  plot.	  PCA	  models	  constructed	  for	  each	  time	  
point	  separately	  showed	  clear	  cage-­‐association	  of	  samples	   (figure	  58);	   the	   loadings	  
indicated	  that	  this	  separation	  was	  due	  to	  detection	  of	  higher	  Bacteroidetes	  in	  cages	  
three	   and	   four	   at	   week	   five;	   higher	   Firmicutes	   in	   cages	   one	   and	   two,	   and	   higher	  
Bacteroidetes	  in	  cages	  five	  and	  six	  at	  week	  7;	  higher	  Actinobacteria	  in	  cage	  three	  at	  
week	  ten;	  and	  higher	  Firmicutes	  in	  cage	  four	  at	  week	  14.	  
	  
	  
Figure	   58:	   PCA	   scores	   plots	   generated	   using	   relative	   abundance	   values	   of	   the	   three	   most	   abundant	   phyla:	  
Bacteroidetes,	  Firmicutes	  and	  Actinobacteria.	  Plots	  are	  shown	  for	  samples	  collected	  from	  all	  animals	  at	  weeks	  5,	  
7,	  10	  and	  14	  (mean	  centred,	  Pareto-­‐scaled	  data;	  Week	  5:	  R2	  =	  1.00	  Q2	  =	  0.92;	  Week	  7:	  R2	  =	  1.00	  Q2	  =	  0.98;	  Week	  
10:	  R2	  =	  1.00	  Q2	  =	  0.97;	  Week	  14:	  R2	  =	  1.00	  Q2	  =	  0.95).	  In	  each	  plot	  principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  
are	   shown	   with	   the	   percentage	   of	   explained	   variance	   described	   by	   each	   component.	   Samples	   are	   coloured	  
according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	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These	   patterns	   are	   clearly	   shown	   in	   figure	   59;	   at	   week	   5	   there	   are	   noticeable	  
differences	   in	   the	   relative	   abundances	   of	   phyla	   between	   cages,	   with	   a	   higher	  
Bacteroidetes:	   Firmicutes	   ratio	   in	   samples	   from	   cages	   three	   and	   four,	   higher	  
Actinobacteria	  in	  cage	  one	  and	  higher	  Tenericutes	  in	  cage	  five	  and	  six.	  	  Interestingly,	  
at	  week	  7,	  the	  ratio	  of	  Bacteroidetes:	  Firmicutes	  increased	  from	  cage	  one	  to	  cage	  six	  
in	  a	  near-­‐linear	  fashion.	  It	  can	  be	  observed	  that	  at	  week	  10,	  the	  strong	  cage-­‐related	  
patterns	   in	   Bacteroidetes:	   Firmicutes	   ratio	   diminished,	   although	   the	   number	   of	  
missing	   samples	   complicates	   interpretation	   of	   the	   data.	   At	   week	   14	   the	   ratio	  
Bacteroidetes:	  Firmicutes	  is	  consistent	  across	  all	  cages,	  apart	  from	  cage	  four,	  with	  a	  
lower	   Bacteroidetes:	   Firmicutes	   ratio	   detected	   in	   this	   cage.	   Statistically	   significant	  
differences	  were	   found	   in	   the	   relative	  abundances	  of	  Bacteroidetes	   and	  Firmicutes	  
between	   cages	   (figure	   60,	   appendix	   table	   12),	   but	   no	   other	   phyla	   were	   found	   to	  
differ	  significantly	  between	  cages	  using	  univariate	  statistical	  analysis.	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Figure	  59:	  Relative	  abundances	  of	  bacteria	  at	  the	  phylum-­‐level	  for	  all	  animals	  grouped	  according	  to	  cage,	  at	  each	  
time	   point	   separately.	   Key:	   O	   =	   obese,	   L	   =	   homozygous	   lean,	   H	   =	   heterozygous	   lean.	   Phylum	   key:	   ‘Others’	  
composed	  of	  TM7	  and	  Verrucomicrobia.	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Figure	  60:	  Column	  scatter	  plots	  for	  the	  two	  phyla	  found	  to	  differ	  significantly	  between	  cages.	  Means	  were	  found	  
to	  differ	  significantly	  between	  cages	  at	  weeks	  5,	  7	  and	  14	  (one-­‐way	  ANOVA,	  followed	  by	  Tukey-­‐Kramer	  multiple	  
comparisons	  test;	  for	  details	  of	  which	  cages	  were	  significantly	  different	  and	  for	  levels	  of	  significance	  please	  see	  
appendix	  table	  12).	  	  
	  
	  
5.6.6	   Cage-­‐associated	  variation	  in	  the	  faecal	  microbiota:	  family	  level	  
	  
As	   with	   the	   phylum-­‐level	   data,	   the	   PCA	   model	   constructed	   from	   the	   relative	  
abundance	  values	  of	  bacterial	  families	  in	  samples	  from	  all	  time	  points	  did	  not	  show	  
obvious	   cage-­‐associated	   clustering	   of	   samples	   (figure	   51).	   However,	   PCA	   of	   family	  
data	  at	  separate	  time	  points	  did	  indicate	  that	  variation	  in	  the	  bacterial	  profiles	  was	  
partly	   associated	   with	   the	   cage	   the	   animals	   were	   housed	   in,	   with	   clustering	   of	  
samples	  particularly	  evident	  at	  weeks	  5	  and	  7	  (figure	  61),	  although	  a	  model	  of	  week	  
14	   data	   was	   judged	   as	   unreliable	   due	   to	   a	   negative	   Q2	   with	   the	   first	   principal	  
component	   (appendix,	   figure	   101).	   At	   week	   5,	   cages	   three	   and	   four	   clustered	  
together,	   as	   with	   the	   phylum	   data,	   due	   to	   increased	   relative	   abundances	   of	  
Bacteroidaceae	   and	   Porphyromonadaceae,	   and	   samples	   from	   cage	   one	   clustered	  
due	   to	   higher	   Peptostreptococcaceae.	   At	   week	   7,	   again	   cages	   three	   and	   four	  
clustered	   together,	   due	   to	   increased	   relative	   abundances	   of	   Bacteroidaceae	   and	  
Porphyromonadaceae	  and	  cages	  five	  and	  six	  clustered	  due	  to	  higher	  Rikenellaceae,	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compared	  to	  other	  cages.	  Cage-­‐associated	  clustering	  was	  much	  less	  evident	  at	  week	  
10,	   reflecting	   the	   homogeneity	   of	   samples	   between	   cages	   seen	   in	   the	   analysis	   of	  
phylum-­‐level	  data.	  The	  detailed	  cage-­‐associated	  differences	  can	  be	  observed	  in	  the	  
compositional	  bar	  chart	  for	  each	  sample	  at	  the	  family-­‐level	  (figure	  62),	  although	  the	  
complexity	  of	  this	  figure	  also	   illustrates	  the	  value	  of	  multivariate	  analysis	   in	  quickly	  
demonstrating	  which	  bacterial	  profiles	  share	  similarities	  and	  differences.	  	  	  
	  
	  
Figure	   61:	   PCA	   scores	   plots	   generated	   using	   relative	   abundance	   values	   of	   the	   six	   most	   abundant	   families:	  
Bacteroidaceae,	   Porphyromonadaceae,	   Rikenellaceae,	   Lachnospiraceae,	   Ruminococcaceae	   and	  
Peptostreptococcaceae.	   Plots	   are	   shown	   for	   samples	   collected	   from	   all	   animals	   at	   weeks	   5,	   7,	   and	   10	   (Log10	  
transformed,	  mean	  centred	  data;	  Week	  5:	  R2	  =	  0.87	  Q2	  =	  0.53;	  Week	  7:	  R2	  =	  0.82	  Q2	  =	  0.06;	  Week	  10:	  R2	  =	  0.78	  Q2	  
=	  0.29).	   In	  each	  plot	  principal	  components	  1	  and	  2	   (PC1	  and	  PC2)	  are	  shown	  with	  the	  percentage	  of	  explained	  
variance	  described	  by	  each	  component.	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  Week	  
14	   is	  not	   shown	  here,	   as	   the	  Q2	  was	  negative	  with	   first	   component,	   the	   scores	  plot	   can	  be	   seen	   in	   figure	  101	  
(appendix).	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Figure	  62:	  Relative	  abundances	  of	  bacteria	  at	  the	  phylum-­‐level	  for	  all	  animals	  grouped	  according	  to	  cage,	  at	  each	  
time	   point	   separately.	   Key:	   O	   =	   obese,	   L	   =	   homozygous	   lean,	   H	   =	   heterozygous	   lean.	   Family	   key:	   ‘Others’	  
composed	  of	  the	  families:	  Alcaligenaceae,	  Anaeroplasmataceae,	  Bacillaceae,	  Clostridiaceae,	  Enterobacteriaceae,	  
Erysipelotrichaceae,	   Eubacteriaceae,	   Halomonadaceae,	   Incertae	   Sedis	   XIII,	   Incertae	   Sedis	   XIV,	   Lactobacillaceae,	  
Peptococcaceae,	  Pseudomonadaceae	  and	  Sphingomonadaceae.	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To	  specifically	   investigate	  correlations	  between	  cage	  and	  the	  relative	  abundance	  of	  
each	   bacterial	   family,	   OPLS-­‐DA	   models	   were	   constructed	   using	   cage	   as	   the	   Y	  
predictors.	  At	  first	  a	  model	  was	  constructed	  using	  samples	  from	  all	  time	  points,	  but	  
was	   not	   valid,	   most	   likely	   because	   of	   the	   significant	   age-­‐related	   variation	   in	   the	  
samples.	   Construction	   of	   models	   using	   one	   time	   point	   only	   was	   not	   judged	   as	  
appropriate	   due	   to	   the	   small	   samples	   numbers	   (n	   ≤	   3),	   and	   thus	   models	   were	  
constructed	   using	   samples	   from	   two	   sequential	   time	   points,	   however,	   only	   the	  
model	  of	  week	  five	  and	  seven	  samples	  was	  valid,	  further	  establishing	  that	  the	  cage	  
differences	  were	  most	  apparent	  at	  these	  weeks.	  In	  the	  cross-­‐validated	  scores	  of	  the	  
OPLS-­‐DA	  of	  week	  5	  and	  7	  data	  (figure	  63,	  A),	  complete	  separation	  of	  cages	  was	  not	  
achieved,	   however	   cages	   three	   and	   four	   can	   be	   observed	   to	   cluster	   together,	  
separate	   from	   the	   other	   cages.	   The	   loadings	   from	   this	   model	   indicated	   that	   this	  
clustering	  was	  due	  to	   increased	  Bacteroidaceae	  and	  Porphyromonadaceae	   in	  cages	  
three	  and	  four	   (figure	  63,	  B).	  The	   loadings	  for	  the	  other	  cages	   largely	  reflected	  the	  
findings	  of	   the	  PCA	  analysis	   of	   family-­‐level	   data.	   Statistically	   significant	  differences	  
were	   found	   in	   the	   relative	   abundances	   of	   Bacteroidaceae,	   Lachnospiraceae,	  
Peptostreptococcaceae,	  Porphyromonadaceae,	  Prevotellaceae	  and	  Ruminococcaceae	  
between	   cages	   at	   weeks	   5,	   7	   and	   14	   (figure	   64,	   appendix	   table	   13).	   Univariate	  
statistical	   comparison	   of	   all	   cages	   was	   not	   possible	   at	   week	   10	   due	   to	   the	   small	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Figure	   63:	  PLS-­‐DA	  model	   generated	   from	   the	   relative	   abundance	   values	   of	   the	   ten	  most	   abundant	   families	   in	  
samples	   collected	   from	   all	   animals	   at	   weeks	   5	   and	   7,	   using	   cage	   (1-­‐6)	   as	   the	   Y	   predictors	   (five	   predictive	  
components;	   R2Y	   =	   0.39,	   Q2Y	   =	   0.13,	   R2X	   =	   0.79).	   A:	   The	   scores	   of	   the	   first	   predictive	   component	   (Tcv	   1)	   are	  
plotted	   against	   the	   scores	   of	   the	   second	   predictive	   component	   (Tcv	   2).	   B:	   Corresponding	   coefficient	   plots	  
representing	   which	   bacterial	   families	   were	   positively	   (bar	   pointing	   upwards)	   and	   negatively	   (bar	   pointing	  
downwards)	  correlated	  with	  each	  cage.	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Figure	   64:	  Column	   scatter	   plots	   for	   the	   bacteria	   families	   found	   to	   differ	   significantly	   between	   cages.	   The	   red	  
boxes	   indicate	   at	   which	   time	   points	   the	   means	   were	   found	   to	   differ	   significantly	   between	   cages	   (one-­‐way	  
ANOVA,	   followed	   by	   Tukey-­‐Kramer	   multiple	   comparisons	   test;	   for	   details	   of	   which	   cages	   were	   significantly	  
different	  and	  the	  levels	  of	  significance	  please	  see	  table	  13	  (appendix)).	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5.7	   Discussion	  
	  
5.7.1	   Composition	  of	  the	  faecal	  microbiota	  in	  the	  Zucker	  rat	  
	  
The	   predominant	   phyla	   detected	   in	   the	   faecal	   samples	   of	   the	   Zucker	   rats	   in	   this	  
study	   were	   Firmicutes	   and	   Bacteroidetes,	   with	   significantly	   lower	   detection	   of	  
Actinobacteria	   and	   Tenericutes;	   this	   is	   consistent	   with	   previous	   analyses	   of	   faecal	  
bacterial	  profiles	  from	  rats	  (Manichanh,	  Reeder	  et	  al.	  2010;	  Li,	  Ashrafian	  et	  al.	  2011),	  
mice	  (Ley,	  Bäckhed	  et	  al.	  2005;	  Turnbaugh,	  Backhed	  et	  al.	  2008;	  Claus,	  Ellero	  et	  al.	  
2011),	  and	  humans	  (Eckburg,	  Bik	  et	  al.	  2005;	  Ley,	  Turnbaugh	  et	  al.	  2006;	  Turnbaugh,	  
Hamady	   et	   al.	   2009;	   Larsen,	   Vogensen	   et	   al.	   2010);	   although	   certain	   studies	   have	  
seen	   much	   greater	   representation	   of	   bacteria	   from	   the	   Actinobacteria	   phylum	   in	  
humans	  (Gill,	  Pop	  et	  al.	  2006;	  Andersson,	  Lindberg	  et	  al.	  2008),	  mice	  (Murphy,	  Cotter	  
et	  al.	  2010)	  and	  rats	  (Gill,	  Pop	  et	  al.	  2006;	  Andersson,	  Lindberg	  et	  al.	  2008;	  Murphy,	  
Cotter	  et	  al.	  2010;	  Nelson,	  Holmes	  et	  al.	  2011)	  and	  the	  Proteobacteria	  phylum	  in	  rats	  
(Nelson,	  Holmes	  et	  al.	  2011).	  
	  
A	   recent	   analysis	   of	   rat	   faecal	   bacterial	   profiles	   by	   direct	   sequencing	   of	   16S	   rRNA	  
amplicons	   included	   the	   very	   deep	   sequencing	   of	   a	   single	   faecal	   sample	   from	   a	  
control	   male	   Lewis	   rat,	   which	   enabled	   detection	   of	   bacteria	   present	   at	   very	   low	  
abundance	   (Manichanh,	  Reeder	   et	  al.	  2010).	  The	  phylum	  proportions	  described	  by	  
Manichanh	   et	   al.	   broadly	   reflect	   the	   samples	   obtained	   here,	   at	   week	   five,	   with	  
Firmicutes	  (74%)	  and	  Bacteroidetes	  (23%)	  dominating	  the	  profile.	  At	  the	  family	  level	  
the	  proportions	  of	  several	   families	   (Lachnospiraceae	  and	  Porphyromonadaceae,	   for	  
example),	   again	   reflect	   the	   proportions	   observed	   here;	   however,	   it	   is	   difficult	   to	  
make	   comparisons	   between	   the	   results	   of	   this	   study	   and	   a	   single	   animal	   sample,	  
owing	   to	   the	   large	   inter-­‐animal	   variation	   observed	   here	   for	   various	   families	  
(Rikenellaceae,	  Bifidobacteriaceae	  and	  Bacteroidaceae,	  for	  example).	  In	  addition,	  the	  
age	  of	  the	  rat	  at	  sample	  collection	  is	  not	  made	  abundantly	  clear	  by	  Manichanh	  et	  al.;	  
although	  the	  assumption	  is	  that	  the	  rats	  in	  the	  study	  were	  mature	  adults,	  this	  further	  
complicates	  comparison	  with	  the	  results	  shown	  here	  due	  to	  age-­‐related	  variation	  in	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the	   faecal	   microbiota.	   Interestingly,	   after	   correcting	   for	   differences	   in	   sequence	  
counts,	   the	   authors	   made	   direct	   comparisons	   between	   the	   bacterial	   profiles	  
obtained	   for	   humans	   and	   their	   data	   collected	   from	   the	  male	   Lewis	   rat;	   the	   deep-­‐
sequence	   data	   collected	   on	   the	   single	   control	   rat	   was	   compared	   with	   previous	  
human	   sample	   data	   collected	   from	   the	   faecal	   samples	   of	   two	   healthy	   females	   by	  
Turnbaugh	  et	  al.	   (Turnbaugh,	  Hamady	  et	  al.	  2009).	  The	  authors	  concluded	  that	  the	  
bacterial	   distribution	  at	   the	  phylum	   level	  was	  broadly	   similar	  between	   the	   rat	   and	  
human	  specimens,	  but	  that	  significant	  differences	  could	  be	  seen	  at	  the	  genus	  level,	  
with	  greater	  diversity	  found	  in	  the	  rat	  sample.	  
	  
5.7.2	   Age-­‐associated	  variation	  in	  the	  faecal	  microbiota	  
	  
Significant	  age-­‐related	  trends	  were	  observed	  in	  the	  faecal	  bacteria	  of	  all	  the	  rats	  at	  
both	   the	   phylum	   and	   family	   level,	   described	   by	   both	   multivariate	   and	   univariate	  
analyses.	  At	  the	  phylum	  level,	  the	  most	  significant	  age-­‐related	  trend	  was	  a	  decrease	  
in	  the	  Firmicutes:Bacteroidetes	   ratio	  with	   increasing	  age.	   Interestingly,	   this	  appears	  
to	  contrast	  with	  the	  findings	  of	  previous	  investigators	  (Mariat,	  Firmesse	  et	  al.	  2009;	  
Murphy,	   Cotter	   et	   al.	   2010);	   specifically,	   Mariat	   et	   al.	   investigated	   human	   faecal	  
bacteria	  profiles	   in	   infants,	  adults,	  and	  the	  elderly,	   finding	  Firmicutes:Bacteroidetes	  
ratios	   of	   0.4,	   10.9	   and	   0.6,	   respectively.	   However,	   it	   is	   difficult	   to	   judge	   how	   the	  
findings	  reported	  here,	  in	  a	  tightly	  controlled	  animal	  study	  with	  no	  variation	  in	  diet	  
composition,	   relate	   to	   that	  of	  a	  human	  study	  which	  covered	  a	   comparatively	  wide	  
range	  of	  life-­‐stages,	  and	  differences	  in	  bacterial	  profiling	  technique	  may	  also	  prevent	  
meaningful	  comparison.	  At	  the	  family	   level,	  maturation	   in	  the	  Zucker	  rat	  was	  most	  
clearly	   associated	   with	   a	   reduction	   in	   Bacteroidaceae	   and	   Peptostreptococcaceae,	  
and	   an	   increase	   in	   Ruminococcaceae.	   In	   addition,	   slight	   age-­‐related	   increases	   in	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The	  composition	  of	  the	  intestinal	  microbiota	  is	  known	  to	  vary	  throughout	  infancy	  to	  
adulthood,	  with	  further	  variation	  described	  in	  the	  elderly	  (Hopkins,	  Sharp	  et	  al.	  2002;	  
Makivuokko,	   Tiihonen	   et	   al.	   2010;	   O'Toole	   and	   Claesson	   2010).	   During	   and	  
immediately	  following	  the	  birth	  process,	  the	  gastrointestinal	  tract	  of	  the	  newborn	  is	  
rapidly	  populated	  with	  bacteria	  emanating	  from	  the	  mother	  (faecal,	  vaginal),	  and	  the	  
immediate	  surrounding	  environment,	  with	  the	  delivery	  mode	  significantly	  impacting	  
the	  initial	  colonisation	  pattern	  (Penders,	  Thijs	  et	  al.	  2006;	  Adlerberth,	  Strachan	  et	  al.	  
2007;	   Dominguez-­‐Bello,	   Costello	   et	   al.	   2010).	   Thereafter,	   infants	   are	   continuously	  
exposed	  to	  new	  microbes	  via	   ingestion	  of	   food,	  beginning	  with	  breast	  milk	  or	  milk	  
formula	   (Mackie,	   Sghir	   et	   al.	   1999).	   Facultative	   bacteria	   dominate	   the	   early	   infant	  
microbiota,	   due	   to	   the	   available	  oxygen	   in	   the	  neonatal	   intestine;	   gradually,	   these	  
populations	   expand,	   consuming	   oxygen	   and	   creating	   an	   anaerobic	   environment,	  
favouring	   the	  growth	  of	  obligately	  anaerobic	  bacteria	   (Adlerberth	  and	  Wold	  2009).	  
Investigators	   have	   established	   that	   the	   early-­‐stage	   infant	   intestinal	   microbiota	  
composition	   shows	   evidence	   of	   high	   inter-­‐individual	   variation	   and	   low	   diversity	  
(Kurokawa,	   Itoh	   et	   al.	   2007;	   Koenig,	   Spor	   et	   al.	   2011),	   which	   begins	   to	   reflect	   a	  
profile	   characteristic	   of	   the	   adult	   gastrointestinal	   tract,	   with	   greater	   bacterial	  
diversity,	  after	  approximately	  one	  to	  three	  years	  of	  age	  (Stark	  and	  Lee	  1982;	  Palmer,	  
Bik	  et	  al.	  2007;	  Yatsunenko,	  Rey	  et	  al.	  2012).	  With	  this	   in	  mind,	   it	   is	   likely	   that	   the	  
age-­‐related	   trends	   observed	   here	   in	   the	   Zucker	   rat,	   reflect	   evolution	   and	  
development	  of	   the	  microbiota	   towards	  a	   stable	   climax	  community.	  The	  exact	  age	  
that	   the	   ‘adult	   community’	   is	   reached	   has	   not	   been	   fully	   established	   in	   either	  
humans	  or	   rats,	   although	   late	   adolescence	  has	   been	   suggested	   as	   an	   approximate	  
age	   in	  humans	   (Mariat,	   Firmesse	   et	   al.	   2009).	  A	  more	  extensive	   longitudinal	   study	  
would	   be	   required	   to	   demonstrate	   this	   more	   confidently,	   with	   intra-­‐individual	  
sample	   variation	   expected	   to	   decrease	   and	   species	   diversity	   increase	   over	   time,	  
reaching	  stability	  once	  the	  climax	  community	  had	  been	  established	  (assuming	  other	  
environmental	  factors	  were	  controlled).	  It	  is	  likely	  that	  the	  increasing	  use	  of	  culture-­‐
independent	   direct	   sequencing	   techniques	   will	   facilitate	   our	   understanding	   of	  
precisely	  how	  the	  intestinal	  microbiota	  varies	  with	  age.	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5.7.3	   Genotype-­‐associated	  variation	  in	  the	  faecal	  microbiota	  
	  
No	  significant	  differences	  were	  found	  between	  the	  intestinal	  bacteria	  profiles	  of	  the	  
three	   Zucker	   rat	   genotypes,	   at	   either	   the	  phylum	  or	   the	   family	   level.	   This	   result	   is	  
interesting	   in	   light	   of	   the	   recent	   attention	   given	   to	   the	   possibility	   of	   an	   obesity-­‐
associated	  altered	  microbiome,	  with	  an	  increased	  potential	  for	  energy	  harvest	  (Ley,	  
Turnbaugh	  et	  al.	  2006;	  Turnbaugh,	  Ley	  et	  al.	  2006;	  Turnbaugh,	  Hamady	  et	  al.	  2009).	  
However,	  given	  the	  variety	  of	  environmental	  factors	  introduced	  by	  the	  study	  design	  
applied	   here,	   such	   as	   mixed-­‐strain	   housing	   and	   differing	   chow	   consumption,	  
understanding	  the	  contributions	  of	  host	  genetic	  and	  environmental	  factors	  and	  their	  
interaction	  with	  the	  intestinal	  microbiota	  requires	  much	  consideration.	  
	  
The	   importance	   of	   the	   intestinal	  microbiota	   in	   energy	   harvest	   for	   the	   host	   is	  well	  
established,	   with	   key	   activities	   including	   metabolism	   of	   otherwise	   indigestible	  
dietary	   components,	   providing	   host	   colonocytes	   with	   60-­‐70%	   of	   their	   required	  
energy	  from	  short	  chain	  fatty	  acids	  (SCFA)	  (Ardawi	  1985;	  Peters,	  Pomare	  et	  al.	  1992),	  
and	   involvement	   in	   bile	   acid	   transformation	   via	   the	   enterohepatic	   circulation	  
(Narushima,	   Itoh	   et	   al.	   2006),	   producing	   mammalian-­‐microbiotal	   co-­‐metabolites	  
(Nicholson,	  Holmes	  et	  al.	  2005;	  Martin,	  Dumas	  et	  al.	  2007).	  	  
	  
The	  increased	  dietary	  energy	  extraction	  attributed	  to	  the	  presence	  of	  the	  intestinal	  
microbiota	  was	  demonstrated	  in	  a	  comparison	  of	  conventional	  and	  germ-­‐free	  mice,	  
with	   the	   former	   acquiring	   more	   body	   fat	   despite	   consuming	   less	   calories.	  
Additionally,	  colonization	  of	  the	  germ-­‐free	  animals	  with	  bacteria	  harvested	  from	  the	  
caecum	   of	   the	   conventional	   animals	   resulted	   in	   increased	   body	   fat	   content,	  
underscoring	  the	  case	  for	  an	  association	  between	  the	  microbiota	  and	  the	  promotion	  
of	   fat	   deposition	   (Bäckhed,	   Ding	   et	   al.	   2004).	   Further	   to	   these	   findings,	   more	  
substantial	  associations	  between	  obesity	  and	  a	  specific,	  altered	  intestinal	  microbiota	  
have	  been	  made	  in	  both	  genetic	  animal	  models	  of	  obesity	  (Ley,	  Bäckhed	  et	  al.	  2005;	  
Turnbaugh,	   Ley	   et	   al.	   2006;	   Geurts,	   Lazarevic	   et	   al.	   2011)	   and	   human	   study	  
comparisons	   of	   obese	   and	   lean	   individuals	   (Ley,	   Turnbaugh	   et	   al.	   2006;	   Nadal,	  
Santacruz	   et	  al.	   2008;	  Turnbaugh,	  Hamady	   et	  al.	   2009).	  One	  of	   the	  key	   findings	  of	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these	  studies	  centres	  around	  an	  association	  between	  obesity	  and	  a	  microbiota	  with	  
an	  altered	  composition,	  such	  that	  the	  relative	  abundance	  of	  Bacteroidetes	  is	  lower	  in	  
obese	   individuals	   with	   a	   corresponding	   higher	   proportion	   of	   Firmicutes	   or	  
Actinobacteria,	  compared	  to	  lean	  counterparts.	  This	  obesity-­‐associated	  microbiota	  is	  
considered	  capable	  of	  altering	  host	  energy	  metabolism,	  allowing	  greater	  calories	  to	  
be	  liberated	  from	  the	  diet	  than	  in	   lean	  equivalents.	   In	  addition,	  studies	  have	  found	  
differences	   between	   the	   microbiota	   of	   obese	   and	   lean	   individuals	   at	   lower	  
taxonomic	   levels,	   such	   as	   an	   increased	   relative	   abundance	   of	   the	   family	  
Prevotellaceae	  in	  obese	  individuals	  (Zhang,	  DiBaise	  et	  al.	  2009).	  	  
	  
If	   we	   are	   certain	   that	   there	   is	   indeed	   a	   clear	   alteration	   in	   the	   composition	   of	   the	  
microbiota	   relating	   to	  obesity,	   the	   lack	  of	  differences	  observed	  here,	   between	   the	  
lean	   and	  obese	   Zucker	   rats,	   pose	   an	   interesting	   set	   of	   possibilities.	   Several	   factors	  
will	  have	   likely	  affected	  the	  development	  of	  the	   intestinal	  microbiota	  of	  the	  rats	   in	  
this	  study,	  including	  the	  genetic	  and	  phenotypic	  differences	  between	  the	  obese	  and	  
lean	  rats.	  Crucially,	  food	  was	  available	  ad	  libitum	  throughout	  the	  study,	  and	  as	  such,	  
the	  leptin	  resistant	  obese	  rats	  will	  have	  consumed	  more	  food	  compared	  to	  the	  lean	  
animals	  over	   the	  course	  of	   the	   ten	  weeks,	  with	  previous	  evidence	  of	  obese	  Zucker	  
rats	   consuming	   30-­‐50%	  more	   food	   than	   their	   lean	   littermates	   (Zucker	   and	   Zucker	  
1962;	  Barry	  and	  Bray	  1969;	  Jenkins	  and	  Hershberger	  1978;	  Harris,	  Tobin	  et	  al.	  1988).	  
	  
However,	   obese	   and	   lean	   animals	   from	   within	   the	   same	   cage	   shared	   the	   same	  
mother,	   and	   the	   same	   cage	   environment	   from	   an	   early	   age	   and	   throughout	   the	  
study.	  These	  details	  are	  important,	  as	  the	  maternal	  microbiota	  has	  been	  shown	  to	  be	  
a	   significant	   indicator	   of	   offspring	  microbiota	   composition,	   resulting	   in	   similarities	  
between	   progeny	   despite	   strain	   differences	   (Friswell,	   Gika	   et	   al.	   2010).	   The	  
inheritance	  of	  the	  microbiota	  was	  also	  shown	  by	  Ley	  et	  al.,	  in	  lean	  and	  ob/ob	  mice	  at	  
the	   genus	   level,	   however	   phylum-­‐level	   distinctions	   between	   the	   two	   phenotypes	  
were	  also	  observed	  (Ley,	  Bäckhed	  et	  al.	  2005),	  indicating	  that	  phenotypic	  differences	  
may	   dominate	   in	   certain	   circumstances.	   In	   addition,	   the	   immediate	   cage	  
environment	   has	   been	   shown	   to	   be	   a	   highly	   influential	   factor	   in	   microbiota	  
development;	   this	  was	   clearly	   demonstrated	   by	   Friswell	  et	   al.,	   as	  marked	   changes	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were	   observed	   in	   the	   gut	   microbiota	   of	   mice	   re-­‐located	   to	   new	   housing	   at	   four	  
weeks	  of	   age,	   but	   not	  when	  mice	  were	   re-­‐located	   at	   eight	  weeks	  of	   age	   (Friswell,	  
Gika	  et	  al.	  2010).	  	  
	  
The	  most	  significant	  factor	  underlying	  the	  lack	  of	  compositional	  differences	  in	  faecal	  
bacteria	   observed	   between	   the	   obese	   and	   lean	   rats,	   is	   likely	   to	   be	   that	   of	   shared	  
cage	   environment.	   Rats	   are	   coprophagic	   and	   ingestion	   of	   phenotypically	   differing	  
littermates’	   faeces	   will	   have	   occurred	   from	   an	   early	   age,	   likely	   impacting	   the	  
microbiomes	   of	   animals	   living	   within	   the	   same	   cage.	   Coprophagy	   is	   a	   normal	  
behaviour	   in	   rats	   and	   investigators	   have	   suggested	   that	   rats	   may	   consume	  
approximately	   50-­‐65%	   of	   the	   faeces	   they	   produce	   (Barnes,	   Fiala	   et	   al.	   1957).	   The	  
nutritional	   value	   of	   coprophagy	   has	   been	   investigated	   and	   it	   is	   thought	   that	  
coprophagy	  in	  rats	  is	  essential	  for	  utilisation	  of	  microbial	  amino	  acids	  (Torrallardona,	  
Harris	  et	  al.	  1996),	  and	  is	  important	  for	  vitamin	  K	  absorption	  (Kindberg,	  Suttie	  et	  al.	  
1987).	  Additionally,	   prevention	  of	   coprophagy	  has	  been	   shown	   to	   lead	   to	   reduced	  
growth	   rates	   (Barnes,	   Fiala	   et	  al.	   1963),	   although	   some	  studies	  are	   confounded	  by	  
the	   restriction	  of	  movement	   caused	  by	   the	  anti-­‐coprophagic	  method.	   It	   is	   thought	  
that	  coprophagy	  can	  only	  be	  effectively	  prevented	  by	  use	  of	  a	  tail	  cup	  (Barnes,	  Fiala	  
et	  al.	  1957),	  as	  rats	  usually	  collect	  faecal	  pellets	  as	  they	  are	  extruded	  from	  the	  anus	  
(Henriksson	   2006),	   and	   as	   such,	   the	   use	   of	   a	   grid	   to	   allow	   faecal	   pellets	   to	   fall	  
through	  and	  become	  inaccessible,	  may	  be	  less	  effective.	  Prevention	  of	  coprophagy,	  
by	   use	   of	   tail	   cups,	   was	   shown	   to	   impact	   the	   intestinal	   microbiota	   (Fitzgerald,	  
Gustafsson	   et	   al.	   1964),	   although	   there	   is	   little	   recent	   literature	   on	   the	   precise	  
impact	  of	  coprophagy	  on	  the	  microbiota,	  and	  as	  such,	  culture-­‐independent	  methods	  
do	  not	  appear	  to	  have	  been	  utilised	  for	  this	  purpose.	  
	  
The	   impact	   of	   inoculating	   germ-­‐free	   mice	   with	   a	   microbiota	   harvested	   from	   the	  
caecum	   of	   obese	   animals	   has	   been	   clearly	   demonstrated,	   with	   significantly	   more	  
weight	  gained	  compared	  to	  germ-­‐free	  animals	  conventionalised	  with	  the	  microbiota	  
of	  lean	  animals	  (Turnbaugh,	  Ley	  et	  al.	  2006).	  However,	  the	  literature	  is	  lacking	  in	  any	  
clear	  analysis	  on	  whether	   these	   ‘obese-­‐microbiota’	   traits	  are	   transmissible	   through	  
conventional	   coprophagy	   alone,	   and	   whether	   the	   impact	   is	   significant	   when	   the	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recipient	   is	   already	   conventionalised	   (i.e.	   not	   germ-­‐free).	   Goodwin	   et	   al.	   explored	  
this	  problem	  to	  some	  extent	  in	  a	  study	  that	  utilised	  specific	  pathogen-­‐free	  (SPF)	  rats	  
in	  possession	  of	  a	  microbiota	   lacking	  certain	  pathogenic	  bacteria.	  After	  feeding	  the	  
SPF	   rats	   with	   a	   diet	   contaminated	   with	   faeces	   from	   conventional	   rats	   the	  
investigators	  observed	  a	  significant	  difference	  in	  the	  concentration	  of	  certain	  urinary	  
phenolic	  acids,	  attributing	  this	  to	  an	  altered	  intestinal	  microbiota	  (Goodwin,	  Ruthven	  
et	  al.	  1994).	  This	  study	  gives	  moderate	  evidence	  of	  the	  transfer	  of	  a	  certain	  ‘type’	  of	  
microbiota	   to	   animals	   already	   colonised,	   via	   coprophagy,	   but	   an	   accompanying	  
intestinal	   bacterial	   profile	   analysis	   would	   be	   required	   to	   confirm	   and	   explore	   the	  
extent	  of	  the	  alteration	  in	  the	  microbiota.	  
	  
Considering	   the	   coprophagic	   activity	   of	   the	   rats,	   it	   is	   thus	   possible	   that	   cross-­‐
inoculation	   of	   intestinal	   bacteria	  within	   cages	   resulted	   in	   dilution	   of	   any	   potential	  
differences	   between	   the	   obese	   and	   lean	   phenotypes.	   Verification	   of	   this	   would	  
require	  a	  repetition	  of	  the	  study	  with	  the	  inclusion	  of	  additional	  separate	  cages,	  each	  
containing	  only	  homozygous	  obese	  or	   lean	  animals,	   so	   that	  a	  comparison	  could	  be	  
made	  to	  judge	  the	  extent	  of	  how	  mixed-­‐strain	  housing	  affected	  the	  microbiota	  of	  the	  
animals,	   and	   whether	   this	   had	   an	   impact	   on	   weight	   gain	   or	   measures	   of	   dietary	  
energy	   extraction.	   Interestingly,	   a	   previous	   analysis	   of	   the	   bacterial	   profiles	   of	   the	  
Zucker	   rat	   using	   DGGE	   and	   fluorescence	   in	   situ	   hybridization	   (FISH),	   found	  
differences	   between	   all	   three	   strains	   of	   the	   Zucker	   rat,	   in	   spite	   of	   no	   phenotypic	  
difference	   between	   the	   two	   lean	   strains.	   It	   was	   proposed	   that	   the	   microbiotal	  
differences	  between	   the	   two	   lean	   strains	  were	  due	   to	  host	   genotype	   influence	  on	  
the	   composition	  of	   the	   faecal	  microbiota	   (Waldram,	  Holmes	   et	  al.	   2009),	   although	  
again,	   as	   the	   animals	   were	   housed	   according	   to	   genotype,	   the	   cage	   environment	  
(and	  coprophagic	  activity	  of	  the	  animals)	  may	  have	  been	  influential	  in	  these	  findings.	  
	  
Certain	   studies	   have	   alluded	   to	   a	  more	   complex	   involvement	   of	   the	  microbiota	   in	  
obesity	  than	  perhaps	  first	  indicated;	  for	  example,	  in	  contrast	  to	  the	  findings	  of	  other	  
related	   studies	   (Backhed,	  Manchester	   et	   al.	   2007;	   Rabot,	  Membrez	   et	   al.	   2010),	   a	  
recent	   study	   found	   that	   germ-­‐free	   mice	   were	   not	   protected	   from	   diet-­‐induced	  
obesity,	  finding	  that	  when	  fed	  a	  specific	  high-­‐fat	  diet,	  the	  germ-­‐free	  mice	  gained	  an	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amount	  of	  body	  weight	  and	  fat	  which	  was	  equal	  to	  or	  even	  higher	  than	  observed	  in	  
the	  conventional	  mice	  (Fleissner,	  Huebel	  et	  al.	  2010).	  In	  addition,	  the	  nature	  of	  the	  
shift	   in	  the	  relative	  contributions	  of	  phyla	  to	  the	  microbiota	  composition	   in	  obesity	  
has	  also	  been	  contested;	  a	  recent	  human	  study	  found	  a	  relationship	  between	  obesity	  
and	   faecal	   SCFA	   concentrations,	   and	   that	  obesity	  was	   associated	  with	   a	   significant	  
increase	   in	  Bacteroidetes	   (Schwiertz,	  Taras	   et	  al.	  2009),	  not	  Firmicutes	   as	   found	  by	  
previous	  investigators	  (Ley,	  Turnbaugh	  et	  al.	  2006).	  
	  
In	  addition	   to	   these	  studies,	   certain	   investigators	  have	  suggested	   that	  an	  observed	  
shift	  in	  microbiome	  is	  more	  associated	  with	  a	  high-­‐fat	  diet	  than	  genetically	  induced	  
obesity.	   Several	   studies	   have	   demonstrated	   that	   a	   high-­‐fat	   diet	   has	   a	   significant	  
impact	  on	  the	  composition	  of	   the	  microbiota	   (Cani,	  Neyrinck	  et	  al.	  2007;	  Fleissner,	  
Huebel	  et	  al.	  2010;	  Zhang,	  Zhang	  et	  al.	  2010),	  and	  support	  for	  the	  role	  of	  diet,	  rather	  
than	  obesity	  itself,	  in	  altering	  intestinal	  bacterial	  profiles	  was	  given	  by	  Duncan	  et	  al.	  
in	  a	  human	  study	  which	  used	  FISH	  to	  monitor	  the	  faecal	  bacterial	  profiles	  of	  lean	  and	  
obese	   subjects.	   It	  was	   found	   that	   the	   proportions	   of	  Bacteroidetes	   and	   Firmicutes	  
were	  unrelated	  to	  obesity.	  However,	  weight	   loss	   induced	  by	  reduced	  carbohydrate	  
diets	   was	   associated	   with	   a	   reduction	   in	   butyrate-­‐producing	   Firmicutes	   (Duncan,	  
Lobley	   et	   al.	   2008).	   The	   authors	   suggested	   that	   variation	   in	   bacterial	   species	  
abundance	   was	   correlated	   with	   the	   amount	   of	   carbohydrate	   present	   in	   the	   diet,	  
rather	  than	  weight	  loss	  per	  se.	  
	  
The	  use	  of	   animal	  models	  has	  also	   revealed	  a	  distinction	  between	   the	  effects	  of	   a	  
high-­‐fat	   diet	   and	   obesity;	   investigators	   observed	   alterations	   in	   murine	   faecal	  
bacterial	   profiles	   associated	   with	   a	   high-­‐fat	   diet,	   resulting	   in	   a	   reduction	   in	  
Bacteroidetes	   and	   an	   increase	   in	   both	   Firmicutes	   and	   Proteobacteria.	   However,	  
through	  the	  use	  of	  a	  specific	  strain	   (RELMβ	  knock	  out)	  with	  apparent	  resistance	  to	  
high-­‐fat	  diet-­‐induced	  obesity,	  the	  authors	  were	  able	  to	  conclude	  that	  the	  alterations	  
in	  microbiota	  composition	  were	  associated	  with	  the	  high-­‐fat	  diet	  specifically,	  rather	  
than	  the	  obese	  state	  (Hildebrandt,	  Hoffmann	  et	  al.	  2009).	  Similar	  conclusions	  were	  
drawn	   by	   Murphy	   et	   al.;	   faecal	   energy	   content,	   faecal	   and	   caecal	   SCFA	  
concentrations,	   and	   microbial	   composition	   were	   measured	   at	   seven,	   eleven	   and	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fifteen	  weeks	  of	  age	  in	  ob/ob	  mice	  and	  wild-­‐type	  mice	  fed	  either	  a	  high-­‐	  or	  low-­‐fat	  
diet.	  The	  authors	  concluded	  that	  the	  high-­‐fat	  diet	  was	  a	  much	  more	  significant	  factor	  
in	   inducing	   compositional	   changes	   in	   the	   intestinal	   microbiota,	   compared	   to	  
genetically	  induced	  obesity	  (Murphy,	  Cotter	  et	  al.	  2010).	  
	  
Further	  to	  this,	  the	  importance	  of	  diet	  specifically,	  with	  regard	  to	  shifts	  in	  the	  species	  
composition	  of	  the	  microbiota,	  was	  illustrated	  by	  a	  recent	  analysis	  of	  obese	  and	  lean	  
individuals;	  the	  investigators	  found	  that	  variation	  of	  the	  calorie	  content	  of	  food	  was	  
associated	  with	  a	  shift	  in	  the	  Firmicutes:Bacteroidetes	  ratio	  and	  energy	  harvest,	  such	  
that	  an	   increase	   in	  Firmicutes	   related	  to	  an	   increased	  energy	  harvest	   from	  the	  diet	  
(as	   judged	   by	   bomb	   calorimetry	   of	   faeces).	   However,	   with	   the	   initial	   weight-­‐
maintaining	  diet,	  the	  investigators	  found	  no	  differences	  in	  the	  relative	  abundance	  of	  
bacteria	   between	   the	   obese	   and	   lean	   individuals	   (Jumpertz,	   Le	   et	   al.	   2011).	  With	  
these	  studies	  in	  mind,	  it	  is	  perhaps	  surprising	  that	  a	  difference	  in	  chow	  consumption,	  
as	   was	   the	   case	   between	   the	   obese	   and	   lean	   phenotypes	   analysed	   here,	   did	   not	  
result	  in	  a	  difference	  in	  microbiota	  profiles	  between	  the	  two	  lean	  phenotypes,	  and	  is	  
possibly	  an	  illustration	  of	  the	  strength	  of	  the	  impact	  of	  coprophagic	  activity	  within	  a	  
cage	  on	  the	  microbiota.	  Alternatively,	  these	  results	  could	  be	  an	  indication	  that	  diet	  
composition	   is	   more	   significant	   in	   determining	   the	   microbiota	   composition,	  
compared	  to	  simply	  the	  amount	  of	  food	  consumed.	  
	  
The	   studies	   described	   here	   certainly	   provide	   an	   insight	   in	   to	   the	   potential	  
mechanisms	   involved	   in	   host-­‐environment-­‐microbial	   interactions,	   and	   how	   these	  
mechanisms	  may	  have	  been	  affected	  in	  the	  present	  study;	  however,	  when	  drawing	  
comparisons	   between	   findings	   from	   differing	   studies,	   it	   is	   of	   great	   significance	   to	  
acknowledge	  the	  differences	  in	  study	  designs.	  Various	  questions	  must	  be	  answered	  
regarding	   the	   methodology	   used,	   and	   their	   bearing	   on	   interpretation	   of	   results.	  
Some	   of	   these	   details	   include:	   whether	   the	   sample	   used	   for	   bacterial	   profiling	   is	  
faecal,	   caecal	   or	   from	   another	   area	   of	   the	   gastrointestinal	   tract,	   as	   bacterial	  
populations	   have	   been	   found	   to	   vary	   according	   to	   the	   site	   of	   sample	   collection	  
(Marteau,	  Pochart	  et	  al.	  2001;	  Zoetendal,	  von	  Wright	  et	  al.	  2002;	  Wang,	  Ahrné	  et	  al.	  
2005);	   the	   method	   used	   to	   profile	   the	   microbiota,	   be	   it	   culture-­‐dependent	   or	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independent,	   targeted,	   such	   as	   fluorescence	   in	   situ	   hybridization	   (FISH),	   or	   high	  
throughput	  methods,	  such	  as	  pyrosequencing;	  the	  specific	  model	  of	  obesity	  studied	  
(be	  it	  human	  and	  multi-­‐factorial,	  or	  a	  genetically-­‐	  or	  diet-­‐	  induced	  animal	  model)	  and	  
the	   specific	   diet	   regime	   used;	   the	   specific	   housing	   and	   whether	   animals	   shared	  
mothers;	   and	   the	   age	   of	   the	   animals	   or	   individuals	   studied.	   These	  methodological	  
differences	   may	   at	   least	   partly	   explain	   some	   of	   the	   discrepancies	   in	   the	   findings	  
discussed,	   and	   at	   the	   very	   least	   should	   be	   acknowledged	   when	   contextualising	  
results.	  
	  
The	   apparent	   complexity,	   and	   often	   contradictory	   nature,	   of	   all	   the	   study	   findings	  
discussed	   leaves	   many	   questions	   remaining	   as	   to	   the	   nature	   and	   extent	   of	  
differences	   in	   the	  composition	  of	   the	  microbiota	   in	   relation	  to	  obesity,	  and	  exactly	  
how	  this	  relates	  to	  the	  Zucker	  rat	  analysis	  described	  here.	  The	  lack	  of	  differences	  in	  
microbiota	  composition	  at	  the	  phylum	  and	  family	  level	  observed	  between	  the	  obese	  
and	   lean	   Zucker	   rats	   appears	   to	   contradict	   the	   urinary	   and	   plasma	   metabonomic	  
analysis	  of	   these	  animals	  which	  highlighted	  moderate	  differences	   in	  host-­‐microbial	  
co-­‐metabolites	   seen	   in	   the	   urine	   (indoxyl	   sulphate,	   PAG,	   hippurate)	   and	   plasma	  
(TMAO);	  and	   it	  could	  be	  therefore	  argued	  that	  these	  metabolite	  differences	  reflect	  
differences	   in	   functional	   host-­‐microbial	   interaction.	   As	   such,	   this	   indicates	   a	  
possibility	  of	   similar	  microbiota	  composition	  between	   the	  obese	  and	   lean	   rats,	  but	  
with	   differing	   host-­‐microbial	   interaction	   based	   on	   host	   phenotype	   and	  
environmental	  factors	  such	  as	  differing	  chow	  consumption.	  	  
	  
It	  is	  also	  possible	  that	  analysis	  at	  further	  taxonomic	  levels,	  such	  as	  the	  genus	  level,	  or	  
a	  phylogenetic-­‐based	  analysis	  (as	  opposed	  to	  taxon-­‐based	  used	  here),	  and	  a	  further	  
functional	   metagenomic	   analysis	   of	   the	   microbiota,	   as	   described	   elsewhere	  
(Turnbaugh,	   Hamady	   et	   al.	   2009),	   would	   potentially	   yield	   further	   insight	   into	   the	  
nature	  of	  the	  interactions	  between	  host	  genetic	  and	  environmental	  factors,	  and	  the	  
compositional	   and	   functional	   variation	   in	   the	   microbiome,	   that	   occurred	   in	   this	  
study.	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5.7.4	   Cage-­‐associated	  variation	  in	  the	  faecal	  microbiota	  
	  
The	   intestinal	   bacteria	   profiles	   of	   animals	   from	  within	   the	   same	   cage	   appeared	   to	  
show	  similarities	  at	  the	  phylum	  and	  family	  level,	  in	  spite	  of	  the	  differing	  phenotypes	  
present,	  and	  this	  effect	  was	  most	  prominent	  at	  the	  beginning	  of	  the	  study	  in	  samples	  
from	  animals	  at	  five	  and	  seven	  weeks	  of	  age.	  PCA	  models	  created	  for	  individual	  time	  
points	   demonstrated	   moderate	   to	   strong	   cage-­‐associated	   clustering,	   with	   no	  
apparent	   phenotype-­‐related	   trends	   in	   the	   data,	   suggesting	   that	   variation	   in	   the	  
bacterial	  profiles	  was	  more	  strongly	  dependent	  on	  the	  cage	  environment	  than	  host	  
genotype	  or	  phenotype.	  	  
	  
At	   the	   phylum	   level,	   there	   were	   significant	   differences	   between	   the	   relative	  
abundances	  of	  Bacteroidetes	  and	  Firmicutes	  between	  cages	  at	  weeks	  five	  and	  seven,	  
with	  a	   loss	   in	  differences	  at	  weeks	  ten	  and	  fourteen,	  apart	   from	  one	  cage	  at	  week	  
fourteen.	   At	   the	   family	   level,	   differences	   were	   most	   apparent	   at	   weeks	   five	   and	  
seven,	   which	   was	   further	   substantiated	   by	   OPLS-­‐DA	   modelling,	   as	   robust	   models	  
could	   not	   be	   made	   for	   weeks	   ten	   and	   fourteen.	   Despite	   this,	   using	   univariate	  
analysis,	   significant	   differences	   between	   cages	   could	   be	   seen	   for	   certain	   bacterial	  
families	   at	  week	   fourteen	  as	  well.	   Interestingly,	   at	  week	   seven	  of	   the	   study,	   there	  
appeared	  to	  be	  a	  linear	  trend	  in	  the	  cage-­‐clustering	  effect	  according	  to	  cage	  number,	  
with	   cages	   three	   and	   four,	   and	   cages	   five	   and	   six	   sharing	   certain	   bacterial	   profile	  
traits,	  and	  cage	  one	  tending	  to	  differ	  from	  the	  other	  cages,	  and	  it	  is	  possible	  that	  this	  
trend	  reflected	  the	  positioning	  of	  the	  cages	  within	  the	  laboratory.	  	  
	  
The	  apparent	  loss	  in	  differences	  seen	  between	  cages	  at	  week	  ten	  of	  the	  study	  may	  
be	  significant	  when	  considering	  the	  faecal	  extract	  1H	  NMR	  metabolites	  profiles.	  The	  
concentration:age	  relationships	  for	  certain	  metabolites	  such	  as	  amino	  acids,	  lactate,	  
acetate	   and	   methanol	   appeared	   to	   change	   at	   around	   eight	   to	   ten	   weeks	   of	   age,	  
which	  may	  reflect	  a	  moderate	  shift	   in	  the	  microbiota,	  resulting	  in	  the	  homogeneity	  
of	   samples	   at	   this	   age,	   with	   high	   inter-­‐animal	   variation	   in	   both	   the	   faecal	   extract	  
metabolite	   concentrations	  and	   the	   relative	  abundances	  of	  bacterial	   families	  at	   this	  
age.	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As	   discussed	   previously,	   the	   underlying	   causes	   for	   the	   cage-­‐associated	   trends	  
observed	  here	  will	  relate,	  in	  part,	  to	  the	  maternal	  microbiota	  of	  each	  family	  within	  a	  
cage	   (Friswell,	   Gika	   et	   al.	   2010).	   In	   addition,	   animals	   from	  within	   a	   cage	  will	   have	  
shared	   the	   same	   immediate	   environment	   from	   a	   young	   age,	   a	   factor	   considered	  
significant	  in	  a	  human	  study	  by	  Palmer	  et	  al.,	  when	  interpreting	  the	  analysis	  of	  faecal	  
bacterial	   profiles	   from	   twins	   at	   a	   young	   age.	   The	   authors	   argued	   that	   the	   striking	  
similarity	   of	   the	   patterns	   in	   the	   two	   profiles	   over	   time	  was	   strongly	   linked	   to	   the	  
twins	   shared	   environmental	   exposure,	   perhaps	  more	   so	   than	   host	   genetic	   factors,	  
due	   to	   the	   detailed	   temporal	   variation	   found	   in	   both	   samples	   (Palmer,	   Bik	   et	   al.	  
2007).	   Further	   to	   this,	   a	   recent	   characterisation	   of	   the	   bacterial	   species	   in	   faecal	  
samples	   from	   531	   individuals	   sampled	   from	   Venezuela,	   rural	   Malawi	   and	   US	  
metropolitan	   areas	   concluded	   that	   the	   human	   intestinal	   microbiota	   is	   not	  
significantly	   heritable.	   Additionally,	   the	   importance	   of	   shared	   environment	   on	   the	  
faecal	  microbiota	  was	  highlighted,	  as	   the	  bacterial	  profiles	  of	  genetically	  unrelated	  
but	  co-­‐habiting	  mothers	  and	  fathers	  were	  significantly	  more	  similar	  to	  one	  another,	  
compared	   to	   members	   of	   different	   families	   (Yatsunenko,	   Rey	   et	   al.	   2012).	   In	  
addition,	  the	  effect	  of	  cage-­‐environment	  has	  proved	  significant	  in	  a	  previous	  analysis	  
of	   bacterial	   recolonisation	   profiles	   in	   rats	   following	   antibiotic	   exposure	   (Swann,	  
Tuohy	   et	   al.	   2011).	   Furthermore,	   as	   already	   discussed,	   the	   impact	   of	   copraphagic	  
activity	  within	   cages	   is	   likely	   to	  have	   significantly	   affected	   the	  development	  of	   the	  
microbiota	  of	  animals	  from	  within	  the	  same	  cage.	  
	  
The	   complex	   nature	   of	   host	   and	   environmental	   interactions	   and	   their	   relationship	  
with	  the	  microbiota	  composition	  has	  been	  explored	  by	  several	  analyses,	  with	  often	  
contradictory	  and	   complex	   findings.	   In	   a	  human	   study,	   Zoetendal	  et	  al.	   found	   that	  
the	  microbiota	  profiles	  of	  marital	  partners	  sharing	  the	  same	  living	  environment	  and	  
with	  comparable	  diets,	  had	  low	  similarity,	  whereas	  the	  profiles	  of	  monozygotic	  twins	  
showed	   high	   similarity,	   with	   the	   investigators	   concluding	   that	   host	   genotype	   was	  
highly	   important	   in	   determining	   the	   intestinal	  microbiota	   composition	   (Zoetendal,	  
Akkermans	   et	   al.	   2001).	   The	   significance	   of	   host	   genetic	   control	   in	   influencing	   the	  
microbiota	  was	  also	  illustrated	  by	  a	  large-­‐scale	  genetic	  mouse	  study	  by	  Benson	  et	  al.,	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in	  which	   the	  authors	  defined	  a	   core	  measurable	  microbiota	  across	   the	  population,	  
concluding	   that	   the	  microbiota	   composition	   is	   a	   heritable	   complex	   polygenic	   trait.	  
The	   environmental	   factors	   in	   the	   study	   were	   also	   explored,	   with	   litter,	   sex	   and	  
maternal	   microbiota	   cited	   as	   key	   sources	   of	   variation	   in	   the	   bacterial	   profiles	  
(Benson,	  Kelly	  et	  al.	  2010).	  Although	  these	  studies	  underscore	  the	  considerable	  role	  
that	  host	  genotype	  plays	  in	  shaping	  the	  intestinal	  microbiota,	  based	  on	  the	  analysis	  
undertaken	  here,	   it	  appears	  that	  the	  coprophagic	  activity	  of	  the	  Zucker	  rats	  proved	  
more	   significant	   in	  determining	   the	  bacterial	  profiles	  of	   the	  animals,	   than	  did	  host	  
genotype.	  It	  is	  also	  a	  clear	  demonstration	  of	  the	  difficulties	  in	  extrapolating	  evidence	  
from	   controlled	   animal	   studies,	   in	   order	   to	   speculate	   or	   interpret	   data	   relating	   to	  
human	  studies.	  	  
	  
5.8	   Conclusions	  	  
	  
In	  addition	   to	   the	   findings	  discussed	   relating	   to	   the	   relative	   impact	  of	  host	  genetic	  
and	  environmental	  factors	  on	  altering	  the	  composition	  of	  the	  intestinal	  microbiota,	  
this	   study	  highlighted	   several	  methodological	   considerations.	   The	   combined	  use	  of	  
both	  multivariate	  and	  univariate	  statistics	  gave	  a	  comprehensive	  description	  of	   the	  
detailed	   composition	   of	   the	   microbiota	   of	   each	   faecal	   sample,	   and	   whether	   the	  
trends	  observed	  correlated	  with	  particular	   sources	  of	  variation	   (age,	  genotype	  and	  
cage).	  
	  
By	   choosing	   to	   look	   at	   the	   faecal	   bacterial	   profiles	   both	   at	   the	   phylum	  and	   family	  
level,	  it	  became	  clear	  that	  in	  a	  taxon-­‐based	  analysis	  such	  as	  this,	  different	  taxonomic	  
levels	   describe	   different	   aspects	   of	   variation.	   In	   addition,	   the	   necessary	   exclusion	  
criteria	   for	   multivariate	   analysis	   meant	   that	   different	   taxonomic	   levels	   potentially	  
described	   different	   alterations	   in	   the	  microbiota	   composition.	   For	   example,	   at	   the	  
phylum	  level,	  cage	  four	  was	  clearly	  distinct	  from	  the	  other	  cages	  at	  week	  fourteen	  of	  
the	  study,	  due	  to	  a	  higher	  Firmicutes:Bacteoridetes	  ratio.	  In	  the	  family	  level	  data	  this	  
pattern	   appeared	   to	   be	   most	   clearly	   manifested	   by	   increased	   Lachnospiraceae	  
(Firmicutes)	  in	  the	  samples	  from	  cage	  four.	  However,	  unlike	  at	  the	  phylum	  level,	  this	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difference	  was	  not	  as	  easy	  to	  discern	  in	  the	  multivariate	  analysis.	   It	   is	  possible	  that	  
members	   of	   the	   Firmicutes	   phylum	   excluded	   due	   to	   detection	   in	   a	   limited	   (<75%)	  
number	   of	   samples	   contributed	   to	   this	   observation.	   In	   addition,	   Firmicutes	   of	  
‘unknown’	   family,	   which	   could	   not	   be	   meaningfully	   included	   in	   the	   family-­‐level	  
analysis,	  may	  have	  also	  influenced	  the	  analysis	  results.	  
	  
These	  are	  perhaps	  some	  of	  the	  considerations	  to	  acknowledge	  when	  using	  a	  taxon-­‐
based	   analysis,	   where	   operational	   taxonomic	   units	   (OTUs)	   are	   considered	   as	  
equivalent	  at	  a	  given	  taxonomic	  rank,	  as	  opposed	  to	  a	  phylogenetic	  analysis	  where	  
sequences	   are	   related	   phylogenetically,	   and	   phylotypes	   are	   compared	   (at	   any	  
taxonomic	  level	  e.g.	  class	  or	  species).	  It	  is	  thought	  that	  taxon-­‐based	  and	  phylogenetic	  
analyses	   provide	   different,	   but	   complementary	   information	   (Hamady	   and	   Knight	  
2009),	  and	  so	  completion	  of	  both	  analyses	  would	  be	  desirable.	  It	  is	  hoped	  that	  future	  
work	  with	   this	   data	   set	  will	   include	   a	  phylogenetic	   analysis	   to	   yield	   further	   insight	  
into	  the	  compositional	  differences	  of	  the	  faecal	  microbiota	  of	  the	  Zucker	  rats.	  
	  
In	  spite	  of	  the	  remaining	  questions	  regarding	  the	  impact	  of	  the	  obese	  phenotype	  on	  
the	  microbiota,	  in	  terms	  of	  functional	  interaction	  with	  host	  metabolism,	  a	  large	  part	  
of	   the	   study	   design	   aimed	   to	   assess	   whether	   the	   effects	   of	   cage	   environment	  
confounded	   previous	   findings	   suggesting	   the	   genotype	   of	   the	   Zucker	   rat	   had	   a	  
significant	  influence	  on	  the	  faecal	  microbiotal	  composition	  (Waldram,	  Holmes	  et	  al.	  
2009),	   and	   with	   these	   results	   we	   can	   have	   confidence	   in	   asserting	   that	   the	   cage	  
environment	  will	  have	  affected	  the	  bacterial	  profiles	  of	  the	  animals.	  In	  addition,	  this	  
study	  presents	  novel	  findings	  relating	  to	  how	  the	  faecal	  microbiota	  in	  the	  Zucker	  rat	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6.	   1H	  NMR-­‐based	  metabonomic	  profiling	  of	  liver,	  kidney	  and	  
pancreas	  tissues	  in	  the	  Zucker	  rat	  
	  
6.1	   Summary	  
	  
The	  effect	  of	  the	  development	  of	  obesity	  on	  the	  metabolite	  profiles	  of	  liver,	  kidney	  
and	  pancreas	  aqueous	  tissue	  extracts	  was	  investigated	  in	  the	  obese	  Zucker	  rat	  using	  
1H	   NMR	   spectroscopy	   and	   multivariate	   statistical	   analysis.	   The	   tissue	   metabolite	  
profiles	   of	   the	   obese	   (fa/fa)	   and	   lean,	   (+/+)	   and	   (fa/+),	   phenotypes	   were	   clearly	  
discriminated	  using	  unsupervised	  and	  supervised	  multivariate	  statistical	  techniques.	  
No	   significant	   differences	   were	   observed	   between	   the	   genotypically	   distinct	   lean	  
strains.	  Key	  discriminatory	  metabolites	  included	  BCAAs,	  lactate,	  alanine,	  acetate,	  O-­‐
acetyl	   glycoproteins,	   hypotaurine,	   taurine,	   dimethylamine,	   creatine,	  
phosphocholine,	  betaine,	   trimethylamine	  N-­‐oxide,	  phenylalanine,	  glycine,	  glycogen,	  
inosine	   and	   uridine.	   Metabolic	   profiling	   of	   multiple	   compartments	   in	   the	   obese	  
Zucker	   rat	   revealed	   significant	  metabolic	   alterations	   relating	   to:	   disruptions	   in	   the	  
metabolism	  of	   choline,	   nucleosides,	   BCAAs,	   and	  other	   amino	  acids;	   altered	  energy	  
homeostasis;	  and	  functional	  differences	  in	  host-­‐microbiome	  interaction.	  	  
	  
6.2	   Aims	  
	  
• Investigate	   how	   obesity	   and	   dyslipidaemia	   affects	   the	   aqueous	   metabolite	  
profiles	  of	  liver,	  kidney	  and	  pancreas	  tissues	  in	  the	  obese	  Zucker	  rat	  
• Assess	   whether	   any	   tissue	   metabolite	   differences	   exist	   between	   the	   two	   lean	  
strains	  of	  the	  Zucker	  rat	  
• Ascertain	  to	  what	  extent	  the	  cage	  environment	  affects	  the	  metabolite	  profiles	  of	  
the	  liver,	  kidney	  and	  pancreas	  tissue	  
• Examine	  the	  contribution	  of	  the	   intestinal	  microbiota	  to	  the	  metabolite	  profiles	  
of	  the	  liver,	  kidney	  and	  pancreas	  tissue	  of	  the	  Zucker	  rat	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6.3	   Introduction	  
	  
Despite	   the	   growing	   global	   prevalence	   of	   obesity	   and	   the	   related	   disorders	  
encompassed	   by	   metabolic	   syndrome	   (Ford	   2005),	   many	   of	   the	   metabolic	  
characteristics	   of	   obesity	   are	   poorly	   understood.	   These	   include:	   the	   relationship	  
between	  insulin	  resistance	  and	  plasma	  free	  fatty	  acids	  (FFAs)	  (Karpe,	  Dickmann	  et	  al.	  
2011);	  the	  mechanism	  and	  significance	  of	  raised	  plasma	  branched	  chain	  amino	  acids	  
(BCAAs)	   in	   obesity	   (She,	   Van	   Horn	   et	   al.	   2007);	   and	   the	   role	   of	   taurine	   in	   the	  
development	   of	   diabetes,	   dyslipidaemia	   and	   obesity-­‐associated	   hepatic	   steatosis	  
(Nakaya,	  Minami	  et	  al.	  2000;	  Hansen	  2001;	  Gentile,	  Nivala	  et	  al.	  2011).	  In	  addition	  to	  
the	  questions	  regarding	  the	  metabolic	  characteristics	  of	  obesity,	  it	  is	  also	  unclear	  as	  
to	  how	  much	   the	   intestinal	  microbiota	   contributes	   to	   the	  development	  of	  obesity,	  
dyslipidaemia	   and	   type	   2	   diabetes	   (T2DM)	   (Larsen,	   Vogensen	   et	   al.	   2010;	   Harris,	  
Kassis	  et	  al.	  2012).	  
	  
The	  obese	  Zucker	   rat	   is	   characterised	  predominantly	  by	  obesity	  and	  dyslipidaemia.	  
Hyperphagia	   is	   the	   principal	   mechanism	   leading	   to	   obesity	   in	   the	   Zucker	   rat;	  
however,	   the	  underlying	  mechanism	  for	  dyslipidaemia	  and	  hepatic	   steatosis	   in	   this	  
animal	  model	   is	   not	   fully	  understood.	   The	   liver,	   as	   the	  organ	   responsible	   for	   very-­‐
low-­‐density	   lipoprotein	   (VLDL)	   synthesis,	   is	   a	   key	   tissue	   in	   understanding	   the	  
development	   of	   dyslipidaemia	   in	   the	   Zucker	   rat.	   Further	   to	   this,	   the	   kidney	   and	  
pancreas	   are	   known	   to	   be	   affected	   by	   the	   development	   of	   T2DM	   (Ritz	   and	   Orth	  
1999;	  Butler,	  Janson	  et	  al.	  2003),	  and	  thus	  metabolite	  profiling	  of	  these	  tissues	  in	  the	  
Zucker	  obese	  rat	  should	  serve	  to	  shed	  further	  light	  on	  the	  metabolic	  characteristics	  
of	   the	  development	  of	   this	   feature	  of	  metabolic	   syndrome.	  Additionally,	   given	   the	  
cage-­‐associated	   trends	   observed	   in	   the	   intestinal	   microbiota	   composition	   in	   a	  
previous	  chapter	  of	  this	  thesis,	  it	  will	  also	  be	  interesting	  to	  assess	  the	  effect	  of	  cage	  
environment	  on	  the	  tissue	  metabolite	  profiles	  of	  the	  Zucker	  rats.	  
	  
Although	  metabolic	  profiling	  has	  been	  previously	  employed	  to	  study	  the	  metabolite	  
differences	  in	  the	  aqueous	  liver	  extracts	  of	  Zucker	  rats	  (Serkova,	  Jackman	  et	  al.	  2006;	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Zhao,	   Zhang	   et	   al.	   2011),	   this	   study	   represents	   the	   first	   utilisation	   of	   supervised	  
multivariate	   analysis	   (OPLS	   and	  OPLS-­‐DA)	   for	  modelling	   the	  metabolite	  differences	  
observed	   in	   liver	   tissue	   of	   the	   lean	   and	   obese	   Zucker	   rats,	   and	   also	   the	   first	  
metabonomic	  analysis	  of	  kidney	  and	  pancreas	  tissue	  in	  the	  Zucker	  rat.	  Here,	  1H	  NMR	  
metabolic	   profiling	   has	   been	   applied	   to	   three	   key	   tissues	   associated	   with	   the	  
metabolic	   syndrome	   in	   an	   animal	   model	   of	   obesity,	   the	   Zucker	   rat,	   to	   further	  
understand	  obesity-­‐associated	  disruption	  to	  endogenous	  metabolism.	  	  
	  
6.4	   Materials	  and	  methods	  
	  
6.4.1	   Animals	  and	  sample	  collection	  
	  
Details	   of	   animal	   housing	   are	   given	   in	   the	   first	   results	   chapter	   (1H	   NMR-­‐based	  
metabonomic	  profiling	  of	  urine	  and	  plasma	  in	  the	  Zucker	  rat).	  Following	  euthanasia	  
of	   the	   animals,	   the	   liver,	   kidney	   and	   pancreas	   were	   removed	   and	   snap	   frozen	   in	  
liquid	  nitrogen.	  Samples	  were	  stored	  at	  -­‐40oC	  prior	  to	  analysis.	  
	  
6.4.2	   Sample	  preparation	  	  
	  
Liver,	   kidney	   and	   pancreas	   aqueous	   tissue	   extracts	   were	   prepared	   for	   1H	   NMR	  
spectroscopic	  analysis	  as	  described	  in	  the	  Materials	  and	  Methods	  chapter.	  
	  
6.4.3	   1H	  NMR	  spectroscopy	  	  
	  
1H-­‐NMR	   spectra	   of	   aqueous	   liver	   tissue	   extracts	   were	   acquired	   using	   a	   600	   MHz	  
Bruker	   Avance	   DRX600	   spectrometer	   (Rheinstetten,	   Germany)	   with	   a	   5mm	   BBI	  
probe.	  Kidney	  and	  pancreas	   tissue	  extracts	  were	  acquired	  using	  a	  600	  MHz	  Bruker	  
Avance	  DRX600	  spectrometer	   (Rheinstetten,	  Germany)	  with	  a	  5mm	  TXI	  probe.	  The	  
field	  frequency	  was	  locked	  on	  D2O	  solvent.	  Samples	  were	  run	  by	  automation	  using	  a	  
Bruker	   Automatic	   Sample	   Changer	   (B-­‐ACS).	   A	   standard	   one-­‐dimensional	   pulse	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   198	  
	  
sequence	   was	   used:	   RD-­‐90o-­‐t-­‐90o-­‐tm-­‐90o-­‐acquire	   free	   induction	   decay	   (FID)	   [t	   =	   3	  
μs].	  The	  water	  resonance	  was	  selectively	  irradiated	  during	  the	  relaxation	  delay	  (RD)	  
of	  2	   s	   and	  again	  during	   the	  mixing	   time	   (tm)	  of	  100	  ms.	   The	  90o	  pulse	   length	  was	  
adjusted	  to	  10.68	  μs	  for	  liver	  tissue	  extracts,	  and	  10.88	  μs	  for	  kidney	  and	  pancreas.	  
The	  temperature	  was	  kept	  constant	  at	  300	  K.	  128	  scans	  were	  recorded	  into	  64k	  data	  
points.	  
	  
6.4.4	   Data	  analysis	  	  	  
	  
The	   acquired	   NMR	   spectra	   were	   manually	   corrected	   for	   phase	   and	   baseline	  
distortions	   and	   also	   referenced	   to	   the	   internal	   standard,	   TSP,	   at	   δ0.0.	   The	   spectra	  
were	   then	   exported	   into	   MATLAB	   (MathWorks)	   and	   digitised	   using	   a	   script	  
developed	   in-­‐house.	   The	   spectral	   regions	   containing	   TSP	   and	   water	   [δ4.6-­‐5.2]	  
resonances	  were	  excised.	  Five	  of	  the	  aqueous	  pancreas	  tissue	  extract	  samples	  were	  
contaminated	  with	  lipid	  due	  to	  errors	  in	  pipetting	  when	  separating	  the	  aqueous	  and	  
organic	   phases;	   the	   spectral	   regions	   containing	   lipid	   resonances	   were	   set	   to	   zero	  
integral	   in	   all	   sample	   spectra.	   The	   spectra	   were	   aligned	   and	   normalised	   to	   the	  
probabilistic	   quotient	   to	   partially	   compensate	   for	   differences	   in	   total	   sample	  
volumes	   of	   tissue	   extracts,	   as	   detailed	   in	   the	   first	   results	   chapter	   (1H	   NMR-­‐based	  
metabonomic	  profiling	  of	  urine	  and	  plasma	  in	  the	  Zucker	  rat).	  
	  
PCA	   was	   performed	   in	   SIMCA	   12.0	   (Umetrics	   2009).	   For	   the	   analysis	   of	   tissue	  
extracts,	  unit-­‐variance	  and	  Pareto	  scaling,	  as	  well	  as	  no	  scaling	  (hereafter	  referred	  to	  
as	  ‘mean-­‐centred’	  data),	  were	  explored	  as	  pre-­‐treatment	  methods,	   in	  order	  to	  gain	  
the	   most	   meaningful	   information	   from	   the	   models.	   OPLS-­‐DA	   and	   STOCSY	   were	  
performed	  in	  MATLAB,	  using	  a	  procedure	  developed	  in-­‐house	  (Cloarec,	  Dumas	  et	  al.	  
2005);	   the	  OPLS-­‐DA	  models	  were	  constructed	  using	  unit-­‐variance	  scaled	  NMR	  data	  
as	  the	  descriptor	  matrix	  and	  class	  information	  as	  the	  response	  variable	  (Y	  predictor).	  
The	  validity	  of	  the	  Q2Y	  value,	  and	  thus	  the	  predictive	  value	  of	  the	  model,	  was	  tested	  
by	   subjecting	   the	  models	   to	   permutation	   tests,	   as	   explained	   in	   the	  Materials	   and	  
Methods	  chapter.	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6.5	   Results	  
	  
6.5.1	   1H	  NMR	  spectroscopy	  of	  aqueous	  liver	  extracts	  
	  
Typical	   1H	   NMR	   spectra	   of	   aqueous	   liver	   extracts	   from	   the	   homozygous	   lean,	  
heterozygous	  lean	  and	  homozygous	  obese	  rats	  can	  be	  seen	  in	  figure	  65.	  Resonances	  
were	  identified	  using	  two-­‐dimensional	  NMR	  spectra	  (JRES,	  COSY	  and	  TOCSY),	  and	  the	  
literature	  (Claus,	  Tsang	  et	  al.	  2008;	  Martin,	  Sprenger	  et	  al.	  2009).	  Principal	  features	  
included	   the	   resonances	   from	   glucose,	   glycogen,	   betaine,	   TMAO,	   phosphocholine,	  
creatine,	   succinate,	   alanine	   and	   lactate.	   This	   is	   consistent	   with	   previous	   1H	   NMR	  
analyses	   of	   aqueous	   liver	   extracts	   from	  Zucker	   rats	   (Serkova,	   Jackman	   et	   al.	   2006;	  
Zhao,	  Zhang	  et	  al.	  2011),	  and	  from	  other	  rodents	  (Waters,	  Holmes	  et	  al.	  2002;	  Coen,	  
Lenz	   et	   al.	   2003).	   An	   initial	   comparison	   of	   the	   spectra	   from	   the	   three	   differing	  
genotypes	   by	   visual	   inspection	   indicated	   that	   the	   most	   obvious	   differences	   were	  
higher	   glycogen	   and	   lactate,	   and	   lower	   betaine	   in	   the	   samples	   from	   obese,	  
compared	  to	  the	  lean	  rats.	  
	  
6.5.2	   Unsupervised	  multivariate	  analysis:	  PCA	  modelling	  of	  1H	  NMR	  aqueous	  
liver	  extract	  spectral	  data	  
	  
For	   all	   three	   tissue	   extracts	   analysed,	   PCA	   was	   used	   as	   an	   initial	   unsupervised	  
multivariate	  statistical	  method	  to	  gain	  an	  overview	  of	  how	  the	  samples	  varied	  from	  
each	   other.	   In	   the	   PCA	   scores	   plots,	   samples	  were	   coloured	   according	   to	   the	   two	  
sources	  of	  variation	  considered	  in	  the	  analysis,	  genotype	  and	  cage	  environment,	  to	  
aid	  visualisation	  of	  any	  trends	  associated	  with	  these	  factors.	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Figure	  65:	  Typical	  600	  MHz	  1H	  NMR	  spectra	  of	  aqueous	  liver	  extracts	  from	  homozygous	  obese,	  heterozygous	  lean	  
and	   homozygous	   lean	   Zucker	   rats	   aged	   14	  weeks;	   the	   vertical	   axis	   of	   the	   frequency	   range	   δ5.5-­‐9.5	   has	   been	  
expanded	  (x10)	  to	  aid	  visualisation	  of	  peaks,	  and	  the	  region	  containing	  the	  water	  resonance	  [δ4.7-­‐4.9]	  has	  been	  
removed.	  See	  table	  2	  for	  the	  key	  for	  metabolite	  labels.	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Pareto	   scaling	   was	   used	   for	   PCA	   modelling	   of	   the	   aqueous	   liver	   extract	   1H	   NMR	  
spectra,	  as	  large	  inter-­‐sample	  variation	  in	  TMAO	  and	  phosphocholine	  dominated	  the	  
spectra	   and	   partially	   obscured	   low-­‐concentration	   metabolites.	   Samples	   were	  
observed	   to	   clearly	   cluster	   according	   to	   phenotype	   (figure	   66A),	   with	   no	   obvious	  
genotype-­‐associated	   distinction	   between	   the	   lean	   strains.	   The	   loadings	   indicated	  
that	  the	   liver	  tissue	  from	  obese	  animals	  contained	  higher	  phosphocholine,	  glucose,	  
lactate	  and	  glycogen,	  and	  lower	  TMAO	  and	  betaine,	  compared	  to	  the	  lean	  animals.	  
The	   obese	   animals	   from	   cages	   one	   and	   five	   had	   particularly	   low	   succinate,	   TMAO	  
and	  betaine	  and	  high	  phosphocholine	  relative	  to	  the	  other	  obese	  animals.	  
	  
Cage–associated	   trends	   were	   not	   clearly	   seen	   in	   the	   data,	   but	   comparison	   of	   the	  
different	  principal	  components	  of	  the	  model	   (four	  PCs	   in	  total),	   revealed	  clustering	  
of	   samples	   from	  within	   cages	   four	   and	   five	   in	   the	   scores	   plot	   of	   PC	   2	   versus	   PC	   3	  
(figure	   66B),	   indicating	   that	   the	   samples	   from	   within	   these	   cages	   shared	   similar	  
aqueous	  liver	  metabolite	  profiles.	  However,	  their	  close	  proximity	  to	  the	  origin	  of	  the	  
scores	  plot	  made	  interpretation	  of	  the	  loadings	  underlying	  this	  pattern	  difficult,	  and	  
suggests	   that	   differences	   in	   metabolites	   associated	   with	   these	   cages	   is	   subtle.	   As	  
phenotype	  appeared	  to	  be	  such	  a	  significant	  source	  of	  variation	  in	  this	  model	  (58.7%	  
of	  explained	  variance	  described	  by	  PC	  1),	  PCA	  was	  performed	  on	  samples	  from	  only	  
lean	  animals,	  so	  as	  to	  focus	  on	  potential	  cage-­‐related	  differences	  (figure	  67A).	  Cage-­‐
related	  clustering	  was	  partially	  apparent,	  with	  the	  two	  lean	  samples	  from	  cages	  one,	  
two,	   four	   and	   five	   each	   clustering	   closely	   together.	   However,	   with	   such	   a	   small	  
sample	  number	  (n	  =	  2,	  per	  cage),	  it	  is	  difficult	  to	  have	  confidence	  in	  the	  assessment	  
of	   these	   trends.	   In	   addition,	   these	   particular	   cages	   clustered	   near	   to	   the	   origin,	  
suggesting	  that	  the	  difference	  between	  cages	  is	  slight.	  	  
	  
The	  heterozygous	  lean	  animals	  from	  cages	  three	  and	  six,	  shown	  in	  the	  upper	  half	  of	  
the	  scores	  plot	  (figure	  67,	  B)	  appeared	  to	  differ	  from	  the	  other	  samples;	  this	  is	  due	  to	  
high	   glucose,	   relative	   to	   the	   other	   lean	   animals.	   Other	   than	   this	   observation,	   the	  
model	  did	  not	  show	  any	  distinct	  genotype	  related	  clustering,	  which	  further	  confirms	  
that	  the	  two	  genotypically	  distinct	  lean	  strains	  were	  not	  noticeably	  different	  in	  terms	  
of	  liver	  metabolite	  profiles	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Figure	  66:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	  aqueous	  liver	  extracts	  collected	  from	  all	  animals	  
(mean	   centred,	   Pareto-­‐scaled	   data;	   R2	   =	   0.83,	  Q2	   =	   0.69).	   A:	   Principal	   components	   1	   and	   2	   (PC1	   and	  PC2)	   are	  
shown	  with	  the	  percentage	  of	  explained	  variance	  described	  by	  each	  component;	  samples	  are	  coloured	  according	  
to	   the	   genotype	   of	   the	   animal.	   The	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	   Principal	  
components	  2	  and	  3	  (PC2	  and	  PC3)	  are	  shown;	  samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  	  
	  
	  
Figure	  67:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	  aqueous	  liver	  extracts	  collected	  from	  homozygous	  
and	  heterozygous	  lean	  animals	  (mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.65,	  Q2	  =	  0.36).	  Principal	  components	  1	  
and	   2	   (PC1	   and	   PC2)	   are	   shown	  with	   the	   percentage	   of	   explained	   variance	   described	   by	   each	   component;	   A:	  
samples	   are	   coloured	   according	   to	   the	   cage	   (1-­‐6)	   of	   each	   animal;	   B:	   samples	   are	   coloured	   according	   to	   the	  
genotype	  of	  each	  animal.	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6.5.3	   Supervised	  multivariate	  analysis:	  OPLS	  and	  OPLS-­‐DA	  modelling	  of	  1H	  
NMR	  aqueous	  liver	  extract	  spectral	  data	  
	  
Following	  initial	  PCA	  modelling	  of	  the	  aqueous	  liver	  extract	  data,	  OPLS	  and	  OPLS-­‐DA	  
were	   used	   to	   further	   investigate	   the	   effect	   of	   genotype	   on	   the	   animals’	   liver	  
metabolite	  profiles.	  This	  method	  allowed	  the	  data	  to	  be	  scrutinised	  with	  reference	  
to	   one	   particular	   source	   of	   variation	   alone,	   as	   opposed	   to	   all	   possible	   sources	   of	  
variation	  included	  using	  a	  PCA	  modelling	  approach.	  	  
	  
In	   order	   to	   explore	   how	   the	   liver	   metabolite	   profiles	   varied	   between	   differing	  
genotypes,	   pair-­‐wise	   OPLS-­‐DA	   models	   were	   constructed	   using	   genotype	   as	   the	   Y	  
predictor.	   The	   pair-­‐wise	   OPLS-­‐DA	   model	   comparing	   homozygous	   obese	   and	   lean	  
animals	  can	  be	  seen	  in	  figure	  68.	  Complete	  separation	  between	  the	  two	  classes	  was	  
achieved	  in	  the	  predictive	  component	  of	  the	  scores,	  with	  slightly	  more	  within-­‐class	  
variation	  in	  the	  samples	  from	  homozygous	  lean	  animals,	  compared	  to	  obese	  (figure	  
68,	   A).	   The	   loadings	   for	   the	  model	   indicated	   that	   the	  most	   significant	   differences	  
between	  these	  groups	  were	  higher	  TMAO,	  betaine,	  creatine,	  O-­‐acetyl-­‐glycoproteins,	  
and	   to	  a	   lesser	  extent	   glutamine	  and	  glutamate,	   in	   the	  homozygous	   lean	   samples;	  
and	   higher	   glycogen,	   phosphocholine,	   alanine	   and	   lactate,	   and	   to	   a	   lesser	   extent,	  
glucose,	  taurine,	  and	  hypotaurine	  in	  the	  obese	  samples	  (figure	  68,	  B).	  
	  
Clear	  separation	  between	  classes	  in	  the	  predictive	  component	  of	  the	  scores	  was	  also	  
achieved	   in	   the	  pair-­‐wise	  OPLS-­‐DA	  model	   comparing	  obese	  and	  heterozygous	   lean	  
animals	   (appendix;	   figure	   102,	   A).	   In	   addition,	   the	   loadings	   for	   this	   model	   largely	  
reflected	   the	   differences	   seen	   in	   the	   comparison	   of	   homozygous	   lean	   and	   obese	  
animals,	   indicating	   that	   the	   two	   lean	  genotypes	  were	  very	   similar	   in	   terms	  of	   liver	  
metabolite	  profiles	  (appendix;	  figure	  102,	  B).	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Figure	   68:	  OPLS-­‐DA	   model	   generated	   from	   1H	   NMR	   spectra	   of	   aqueous	   liver	   extract	   samples	   collected	   from	  
homozygous	   lean	  and	  homozygous	  obese	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  
R2Y	  =	  0.98,	  Q2Y	  =	  0.82,	  R2X	  =	  0.44)	  at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  
scores	  plot	  demonstrating	  between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  variation	  
in	   the	   orthogonal	   component	   (TYosc	   1);	   the	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	  
Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  4,	  Lactate;	  6,	  Alanine;	  8,	  Glutamate;	  9,	  O-­‐acetyl-­‐
glycoproteins;	  10,	  Glutamine;	  14,	  Hypotaurine;	  18,	  Creatine;	  19,	  Choline;	  20,	  Phosphocholine;	  21,	  β-­‐Glucose;	  22,	  
Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   27,	   α-­‐Glucose;	   28,	   Taurine;	   31,	   Glycogen;	   32,	   Inosine;	   34,	   Uridine	  
diphosphate;	  35,	  Uridine	  triphosphate.	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A	  pair-­‐wise	  OPLS-­‐DA	  model	  was	  also	  constructed	  comparing	  samples	  from	  both	  lean	  
genotypes,	  however	  the	  predictive	  value	  of	  the	  model	  was	  not	  judged	  to	  be	  robust	  
based	  on	  a	  permutation	   test	  using	  1000	  permutations	  of	   the	  Y	  matrix.	   In	  addition,	  
the	  samples	  were	  found	  to	  significantly	  overlap	  in	  the	  predictive	  component	  of	  the	  
scores	   (appendix;	   figure	   103,	   A),	   and	   the	   loadings	   indicated	   that	   there	   were	   only	  
subtle	  differences	  in	  a	  small	  number	  of	  metabolites	  (appendix;	  figure	  103,	  B);	  overall	  
indicating	   a	   lack	   of	   significant	   difference	   between	   the	   samples	   of	   the	   two	   lean	  
genotypes.	  
	  
In	  addition	  to	  the	  discriminant	  analyses	  employed,	  an	  OPLS	  model	  was	  created	  using	  
all	   samples	   from	   all	   three	   genotypes,	   with	   weight	   as	   the	   Y	   predictor.	   The	   lean	  
animals	  were	  clearly	  separated	   from	  the	  obese	  animals	   in	   the	  scores	  of	   the	  model	  
(figure	  69,	  A),	  although	  this	  may	  be	  expected,	  as	  the	  body	  weight	  of	  the	  animals	  at	  
14	  weeks	  is	  a	  clear	  indicator	  of	  phenotype	  (figure	  70)	  and	  clear	  separation	  between	  
the	  lean	  and	  obese	  phenotypes	  was	  observed	  in	  the	  scores	  of	  the	  pair-­‐wise	  OPLS-­‐DA	  
models	   of	   the	   liver	   spectral	   data.	   As	   such,	   the	   loadings	   broadly	   reflect	   the	  
differences	   observed	   in	   the	   pair-­‐wise	   OPLS-­‐DA	   comparisons	   of	   the	   obese	   animals	  
with	  either	   lean	  genotype	   (figure	  69,	  B);	  with	   the	  exception	  of	  hypotaurine,	  which	  
appears	  to	  have	  a	  stronger	  association	  to	  weight	  than	  the	  broader	  obese	  phenotype.	  
This	   supports	   the	   observation	   that	   body	  weight	   at	   fourteen	  weeks	   is	   a	   very	   good	  
predictor	   of	   phenotype	   in	   the	   Zucker	   rat,	   however,	   as	   observed	   with	   the	   urine	  
analysis,	   it	  may	  not	  be	  the	  best	   indicator	  of	  obesity	  development,	  with	  the	   lightest	  
obese	   animal	   (housed	   in	   cage	   one),	   observed	   to	   have	   the	  most	   progressed	   obese	  
disease	  state,	  as	   indicated	  by	   increased	  plasma	  lipids,	  and	  reduced	  urinary	  taurine,	  
relative	  to	  the	  other	  obese	  animals.	  
	  
OPLS-­‐DA	  was	  not	  considered	  an	  appropriate	  method	  of	  analysis	  for	  understanding	  
the	  possible	  cage-­‐associated	  variation	  in	  the	  aqueous	  liver	  extract	  spectral	  data,	  as	  
each	  of	  the	  six	  classes	  compared	  would	  have	  a	  sample	  number	  too	  small	  (n	  ≤	  3)	  for	  
the	  model	  to	  be	  considered	  robust.	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Figure	   69:	   OPLS	   model	   generated	   from	   1H	   NMR	   spectra	   of	   aqueous	   liver	   extract	   samples	   collected	   from	   all	  
animals	   (one	   predictive	   component	   plus	   one	   orthogonal	   component;	   R2Y	   =	   0.96,	   Q2Y	   =	   0.85,	   R2X	   =	   0.36)	   at	  
fourteen	   weeks	   of	   age,	   using	   body	   weight	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	  
between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	  
component	  (TYosc	  1);	  the	  numbers	  shown	  indicate	  the	  cage	  number	  of	  each	  animal.	  B:	  Corresponding	  coefficient	  
plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  1,	  Isoleucine;	  2,	  Leucine;	  3,	  Valine;	  4,	  Lactate;	  6,	  Alanine;	  8,	  Glutamate;	  9,	  O-­‐
acetyl-­‐glycoproteins;	   10,	   Glutamine;	   14,	   Hypotaurine;	   18,	   Creatine;	   19,	   Choline;	   20,	   Phosphocholine;	   21,	   β-­‐
Glucose;	   22,	   Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   27,	   α-­‐Glucose;	   28,	   Taurine;	   31,	   Glycogen;	   32,	   Inosine;	   34,	  
Uridine	  diphosphate;	  35,	  Uridine	  triphosphate.	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6.5.4	   1H	  NMR	  spectroscopy	  of	  aqueous	  kidney	  extracts	  
	  
Typical	   1H	   NMR	   spectra	   of	   aqueous	   kidney	   extracts	   from	   the	   homozygous	   lean,	  
heterozygous	   lean	   and	  homozygous	  obese	   rats	   can	  be	   seen	   in	   figure	   71;	   dominant	  
features	   included	   the	   resonances	   from	   betaine,	   TMAO,	   creatine,	   glycine,	   taurine,	  
succinate,	  acetate,	  alanine,	  phosphocholine	  and	  choline.	  This	  is	  in	  broad	  agreement	  
with	   previous	   1H	   NMR	   analyses	   of	   aqueous	   kidney	   extracts	   from	   control	   rats	  
(Serkova,	  Fuller	  et	  al.	  2005;	  Tyagi,	  Rana	  et	  al.	  2011;	  Yan,	  Huang	  et	  al.	  2012)	  and	  mice	  
(Martin,	   Dumas	   et	   al.	   2007;	   Claus,	   Tsang	   et	   al.	   2008).	   The	   most	   noticeable	  
differences	   between	   the	   three	   differing	   genotypes,	   by	   visual	   inspection	   of	   the	  
spectra,	   were	   lower	   betaine,	   glycine	   and	   alanine,	   and	   higher	   lactate	   in	   the	   obese	  
animals,	  compared	  to	  the	  lean.	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Figure	  71:	  Typical	  600	  MHz	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extracts	  from	  homozygous	  obese,	  heterozygous	  
lean	  and	  homozygous	  lean	  Zucker	  rats	  aged	  14	  weeks;	  the	  vertical	  axis	  of	  the	  frequency	  range	  δ4.9-­‐8.8	  has	  been	  
expanded	  (x10)	  to	  aid	  visualisation	  of	  peaks,	  and	  the	  region	  containing	  the	  water	  resonance	  [δ4.6-­‐5.0]	  has	  been	  
removed.	  See	  table	  2	  for	  the	  key	  for	  metabolite	  labels.	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6.5.5	   Unsupervised	  multivariate	  analysis:	  PCA	  modelling	  of	  1H	  NMR	  aqueous	  
kidney	  extract	  spectral	  data	  
	  
Initially,	  a	  PCA	  model	  was	  created	  using	  Pareto-­‐scaled	  1H	  NMR	  spectral	  data	  from	  all	  
samples;	   Pareto	   scaling	   was	   considered	   appropriate	   due	   to	   the	   high	   variation	   in	  
choline,	  betaine	  and	  phosphocholine,	  which	  dominated	  the	  scores	  when	  no	  scaling	  
was	   applied.	   The	   samples	   clustered	   broadly	   according	   to	   obese/lean	   phenotype,	  
however	   one	   obese	   animal	   appeared	   to	   cluster	  with	   the	   other	   samples	   from	   lean	  
animals	  (figure	  72,	  A).	  This	  obese	  sample,	  from	  cage	  five,	  can	  clearly	  be	  seen	  as	  an	  
outlier	   in	   figure	  72	  (B),	  appearing	  separate	   from	  both	  the	  obese	  and	   lean	  samples.	  
Examination	   of	   the	   PCA	   model	   scores,	   and	   the	   original	   one-­‐dimensional	   spectra,	  
revealed	   that	   this	   sample	   shared	  many	   similar	   features	  with	   the	   samples	   from	   all	  
lean	   animals	   including	   low	   lactate,	   and	   high	   taurine,	   betaine,	   inosine	   and	   myo-­‐
inositol,	   relative	   to	   the	   obese	   samples.	   However,	   the	   sample	   also	   shared	   features	  
with	  the	  other	  obese	  animals,	  with	  low	  glycine,	  aspartate	  and	  alanine,	  and	  high	  DMA	  
and	   BCAAs,	   relative	   to	   the	   lean	   animals,	   and	   hence	   could	   not	   be	   considered	   to	  
simply	  demonstrate	  a	  lean	  phenotype	  metabolite	  profile.	  Most	  strikingly,	  the	  sample	  
had	  very	  high	  phosphocholine	  relative	  to	  all	  the	  other	  samples	  (figure	  73).	  
	  
This	   model	   was	   created	   using	   four	   principal	   components;	   without	   removing	   the	  
obese	   outlier	   animal,	   the	   best	   phenotype-­‐associated	   clustering	   can	   be	   seen	   in	  
principal	   components	   two	   and	   three	   (figure	   74,	   A).	   In	   addition,	   slight	   evidence	   of	  
cage-­‐related	  clustering	  can	  be	  seen	  in	  this	  PC	  combination	  scores	  plot	  (figure	  74,	  B).	  	  
The	   loadings	   from	   this	   plot	   demonstrated	   partial	   cage-­‐related	   trends	   relating	   to	  
creatine	  and	  acetate,	  with	  the	  strongest	  trend	  associated	  with	  choline	  (figure	  75).	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Figure	   72:	   PCA	   scores	   plots	   generated	   using	   1H	   NMR	   spectra	   of	   aqueous	   kidney	   extracts	   collected	   from	   all	  
animals	  (mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.66,	  Q2	  =	  0.28).	  A:	  Principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  
are	   shown	   with	   the	   percentage	   of	   explained	   variance	   described	   by	   each	   component;	   samples	   are	   coloured	  
according	   to	   the	   genotype	   of	   the	   animal.	   The	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	  
Pseudo	   three-­‐dimensional	   principal	   components	   plot	   showing	   components	   1,	   2	   and	   3	   (PC1,	   PC2	   and	   PC3);	  
samples	  are	  coloured	  according	  to	  the	  genotype	  of	  each	  animal,	  with	  the	  outlier	  obese	  sample	  circled	  in	  red.	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Figure	  73:	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extracts	  from	  all	  animals	  with	  the	  sample	  from	  the	  obese	  animal	  
from	  cage	  five	  highlighted	  in	  yellow	  to	  demonstrate	  the	  increased	  intensity	  of	  the	  peaks	  at	  δ3.27	  (betaine)	  and	  
δ3.23	  (phosphocholine)	  in	  this	  outlier	  sample.	  
 
	  
Figure	   74:	   PCA	   scores	   plots	   generated	   using	   1H	   NMR	   spectra	   of	   aqueous	   kidney	   extracts	   collected	   from	   all	  
animals	  (mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.66,	  Q2	  =	  0.28).	  Principal	  components	  2	  and	  3	  (PC2	  and	  PC3)	  are	  
shown	   with	   the	   percentage	   of	   explained	   variance	   described	   by	   each	   component;	   A:	   samples	   are	   coloured	  
according	   to	   the	   genotype	   of	   the	   animal.	   The	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	  
Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	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Figure	  75:	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extracts	  from	  all	  animals	  coloured	  according	  to	  cage	  number;	  peak	  
at	  δ3.20	  (choline)	  is	  shown	  to	  demonstrate	  cage-­‐associated	  trend.	  	  
	  
	  
Figure	  76:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extracts	  (mean	  centred,	  Pareto-­‐
scaled	  data;	  R2	  =	  0.59,	  Q2	  =	  0.23).	  Principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  are	  shown	  with	  the	  percentage	  of	  
explained	   variance	   described	   by	   each	   component;	   A:	   samples	   are	   coloured	   according	   to	   the	   genotype	   of	   the	  
animal.	  The	  numbers	  shown	  indicate	  the	  cage	  number	  of	  each	  animal.	  B:	  Samples	  are	  coloured	  according	  to	  the	  
cage	  (1-­‐6)	  of	  each	  animal.	  All	  animals	  except	  the	  obese	  animal	  from	  cage	  five	  were	   included	  in	  the	  model,	  this	  
animal	  was	  considered	  to	  be	  an	  outlier.	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To	  better	  understand	  the	  differences	  in	  metabolite	  profiles	  between	  the	  obese	  and	  
lean	  rats,	  a	  PCA	  model	  was	  created	  excluding	  the	  obese	  animal	  from	  cage	  five	  (figure	  
76,	   A).	   The	   loadings	   from	   this	   model	   indicated	   that	   the	   primary	   metabolite	  
differences	  underlying	  the	  separation	  between	  phenotypes	  were	  higher	  lactate	  and	  
acetate,	  and	  lower	  creatine,	  alanine,	  glycine	  and	  betaine	  in	  the	  obese,	  compared	  to	  
the	  lean	  samples.	  This	  model	  appeared	  to	  show	  slight	  clustering	  of	  the	  lean	  samples	  
based	  on	  genotype,	  with	  the	  heterozygous	  rat	  samples	  from	  cages	  one,	  three	  and	  	  
five	   particularly	   separate	   from	   the	   homozygous	   lean	   animals.	   Examination	   of	   the	  
loadings	  revealed	  that	  this	  separation	  was	  primarily	  due	  to	  lower	  acetate	  and	  choline	  
in	  the	  sample	  from	  cage	  one,	  and	  higher	  O-­‐acetyl-­‐glycoprotein	  in	  the	  samples	  from	  
cages	  three	  and	  five.	  Slight	  cage-­‐associated	  clustering	  was	  also	  evident	  in	  this	  model,	  
with	   samples	   from	   cage	   six	   clustering	   due	   to	   high	   choline	   compared	   to	   the	   other	  
samples	  (figure	  76,	  B).	  
	  
6.5.6	   Supervised	  multivariate	  analysis:	  OPLS	  and	  OPLS-­‐DA	  modelling	  of	  1H	  
NMR	  aqueous	  kidney	  extract	  spectral	  data	  
	  
As	  with	  the	  aqueous	  liver	  extract	  data,	  OPLS	  and	  OPLS-­‐DA	  were	  employed	  to	  further	  
scrutinise	   the	   differences	   in	   metabolite	   profiles	   between	   the	   three	   differing	  
genotypes,	   initially	   using	   a	   pair-­‐wise	   comparison	   approach	   to	   compare	   two	  
genotypes	  at	  a	  time,	  using	  genotype	  as	  the	  Y	  predictor.	  
	  
To	   begin	   with,	   all	   samples	   from	   homozygous	   obese	   and	   lean	   animals	   were	  
compared,	  and	  although	  complete	  separation	  between	  classes	  was	  achieved	   in	  the	  
scores	   (appendix;	   figure	   104,	   A),	   it	  was	   not	   considered	   appropriate	   to	   include	   the	  
outlier	   obese	   animal	   from	   cage	   five.	   Inclusion	   of	   this	   outlier	   obscured	   the	   key	  
differences	  between	  the	  obese	  and	  lean	  metabolite	  profiles,	  as	  this	  sample	  featured	  
certain	  lean-­‐phenotype	  associated	  features	  such	  as	  high	  betaine	  and	  taurine.	  Thus,	  a	  
model	  was	  constructed	  from	  all	  homozygous	  obese	  and	  lean	  samples,	  excluding	  the	  
obese	  animal	  from	  cage	  five	  (figure	  77).	  Separation	  between	  classes	  in	  the	  predictive	  
component	  was	  achieved.	  However,	  both	  the	  homozygous	  obese	  and	  lean	  samples	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demonstrated	   high	   within-­‐class	   variation	   (figure	   77,	   A).	   Comparison	   between	   the	  
loadings	   of	   this	   model	   (figure	   77,	   B)	   and	   the	   loadings	   of	   the	  model	   including	   the	  
obese	  animal	  from	  cage	  five	  (appendix;	  figure	  104,	  B),	  clearly	  shows	  the	  effect	  of	  this	  
outlier	  sample	  on	  the	  model.	  When	  examining	  the	  loadings	  for	  the	  outlier-­‐excluded	  
model,	   the	  most	   important	  metabolite	  differences	  appear	   to	  be	  higher	  BCAAs	  and	  
DMA,	  and	  lower	  alanine,	  betaine,	  TMAO,	  taurine,	  glycine	  and	  inosine	  in	  the	  samples	  




Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   215	  
	  
	  
Figure	  77:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extract	  samples	  collected	  from	  all	  
homozygous	  lean	  and	  obese	  animals,	  excluding	  the	  obese	  animal	  from	  cage	  five	  (one	  predictive	  component	  plus	  
one	  orthogonal	  component;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.69,	  R2X	  =	  0.29)	  at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  
predictor.	  A:	  Cross-­‐validated	  scores	  plot	  demonstrating	  between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  
1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	   component	   (TYosc	   1);	   the	   numbers	   shown	   indicate	   the	   cage	  
number	   of	   each	   animal.	   B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   1,	   Isoleucine;	   2,	  
Leucine;	  3,	  Valine;	  4,	  Lactate;	  5,	  Lysine;	  6,	  Alanine;	  7,	  Acetate;	  8,	  Glutamate;	  15,	  Aspartate;	  16,	  Dimethylamine;	  
18,	  Creatine;	  19,	  Choline;	  22,	  Betaine;	  23,	  Trimethylamine-­‐N-­‐oxide;	  24,	  Myo-­‐Inositol;	  28,	  Taurine;	  29,	  Glycine;	  32,	  
Inosine;	   33,	   Uridine;	   34,	   Uridine	   diphosphate;	   35,	   Uridine	   triphosphate;	   U1,	   unknown	  metabolite	   [doublet	   at	  
δ4.02].	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As	   the	   PCA	   models	   appeared	   to	   show	   partial	   clustering	   of	   the	   different	   lean	  
genotypes,	  it	  was	  important	  to	  also	  compare	  the	  heterozygous	  lean	  animals	  with	  the	  
obese	   animals	   using	   a	   pair-­‐wise	   OPLS-­‐DA	   model.	   As	   with	   the	   homozygous	   lean	  
animals,	   initially	   a	   model	   was	   constructed	   using	   all	   samples	   from	   the	   obese	  
heterozygous	   lean	  animals	  (appendix;	  figure	  105);	  however,	  the	  obese	  animal	  from	  
cage	   five	   clearly	   clustered	   with	   the	   heterozygous	   lean	   animals	   in	   the	   predictive	  
component	   of	   the	   scores.	   In	   addition,	   the	   robustness	   of	   the	   model	   was	   poor,	   as	  
judged	   by	   a	   permutation	   test	   using	   1000	   permutations	   of	   the	   Y	  matrix,	   indicating	  	  
that	  the	  predictive	  performance	  of	  the	  model	  was	  weak	  .	  Accordingly,	  a	  model	  was	  
constructed	   including	   all	   heterozygous	   lean	   and	   all	   homozygous	   obese	   samples,	  
excluding	   the	   obese	   animal	   from	   cage	   five.	   There	   was	   separation	   between	   the	  
classes	   in	   the	   predictive	   component	   of	   the	   scores	   from	   this	  model	   (figure	   78,	   A);	  
however,	   while	   many	   of	   the	   metabolite	   differences	   indicated	   in	   the	   loadings	  
reflected	   those	   seen	   when	   comparing	   the	   homozygous	   lean	   and	   obese	   animals,	  
many	   of	   the	   correlations	   were	   weaker	   with	   the	   heterozygous	   lean	   samples,	  
compared	  to	  the	  homozygous	  lean	  animals	  shown	  in	  the	  loadings	  in	  figure	  77(A).	  The	  
most	  significant	  metabolite	  differences	  indicated	  by	  the	  loadings	  were	  higher	  BCAAs	  
and	  taurine,	  and	  lower	  alanine,	  betaine,	  TMAO	  and	  glycine	  in	  the	  samples	  from	  the	  
obese	  animals,	  compared	  to	  the	  heterozygous	  lean	  animals	  (figure	  78,	  B).	  
	  
The	   pair-­‐wise	   OPLS-­‐DA	   models	   comparing	   the	   obese	   samples	   with	   each	   lean	  
genotype	   revealed	   loadings	   with	   differing	   correlation	   coefficients,	   suggestive	   of	  
metabolite	  differences	  between	  the	  two	  lean	  genotypes.	  Thus,	  to	  fully	  explore	  these	  
differences,	   a	   pair-­‐wise	   OPLS-­‐DA	   model	   comparing	   the	   two	   lean	   genotypes	   was	  
constructed	  (appendix;	  figure	  106).	  The	  loadings	  of	  this	  model	  (appendix;	  figure	  106,	  
B)	   suggest	   that	   inosine,	  myo-­‐inositol,	  betaine,	   glutamate,	   glycine	  and	   taurine	  were	  
higher	   in	   the	   homozygous	   lean,	   compared	   to	   the	   heterozygous	   lean	   animals.	  
However,	   the	   samples	   from	   both	   lean	   genotypes	   overlapped	   significantly	   in	   the	  
predictive	   component	   of	   the	   scores	   (appendix;	   figure	   106,	   A).	   	   The	   differences	  
represented	  in	  the	  loadings	  may	  be	  partially	  explained	  by	  contribution	  of	  the	  animals	  
from	  cage	  one	  to	  the	  model.	  The	  heterozygous	  lean	  animal	  from	  cage	  one	  had	  low	  	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   217	  
	  
	  
Figure	  78:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extract	  samples	  collected	  from	  all	  
heterozygous	   lean	  and	  homozygous	  obese	  animals,	   excluding	   the	  obese	  animal	   from	  cage	   five	   (one	  predictive	  
component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.59,	  R2X	  =	  0.30)	  at	  fourteen	  weeks	  of	  age,	  using	  
genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	   between-­‐class	   variation	   in	   the	  
predictive	   component	   (Tcv	   1)	   and	  within-­‐class	   variation	   in	   the	   orthogonal	   component	   (TYosc	   1);	   the	   numbers	  
shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	  
labels:	  1,	  Isoleucine;	  2,	  Leucine;	  3,	  Valine;	  4,	  Lactate;	  5,	  Lysine;	  6,	  Alanine;	  8,	  Glutamate;16,	  Dimethylamine;	  18,	  
Creatine;	  22,	  Betaine;	  23s,	  Trimethylamine-­‐N-­‐oxide;	  28,	  Taurine;	  29,	  Glycine;	  32,	  Inosine;	  33,	  Uridine;	  34,	  Uridine	  
diphosphate;	  35,	  Uridine	  triphosphate;	  U1,	  unknown	  metabolite	  [doublet	  at	  δ4.02].	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myo-­‐inositol	  and	  betaine,	  whereas	  the	  homozygous	  lean	  animal	  from	  the	  same	  cage	  
had	   high	   myo-­‐inositol	   and	   phosphocholine,	   relative	   to	   the	   other	   animals.	  
Nonetheless,	   the	   correlation	   coefficients	   for	   these	   metabolites	   were	   of	   low	  
significance,	   and	   the	   predictive	   value	   of	   the	   model	   was	   not	   judged	   to	   be	   robust	  
based	  on	  a	  permutation	  test	  using	  1000	  permutations	  of	  the	  Y	  matrix.	  	  
	  
In	   addition	   to	   understanding	   the	   metabolite	   differences	   associated	   with	   each	  
genotype,	  body	  weight	  was	  used	  as	  the	  Y	  predictor	  for	  an	  OPLS	  model	  constructed	  
using	  all	  samples,	  excluding	  the	  outlier	  obese	  animal	  from	  cage	  five.	  This	  determined	  
which	   metabolites	   were	   correlated	   with	   weight	   specifically,	   rather	   than	   lean	   or	  
obese	  phenotype	  (figure	  79).	  The	  samples	  clustered	  by	  phenotype	  in	  the	  predictive	  
component	  of	  the	  scores	  (figure	  79,	  A),	  and,	  as	  with	  the	  corresponding	  OPLS	  model	  
constructed	   using	   the	   liver	   extract	   data,	   the	   loadings	   showed	   similar	   metabolite	  
differences	  to	  those	  established	  in	  the	  pair-­‐wise	  OPLS-­‐DA	  model	  comparisons	  of	  the	  
obese	  and	  lean	  phenotypes	  (figure	  79,	  B),	  with	  BCAAs	  and	  DMA	  positively	  correlated	  
with	   weight,	   and	   alanine,	   betaine,	   TMAO	   and	   glycine	   negatively	   correlated	   with	  
weight.	  	  
	  
As	  with	  the	  liver	  tissue	  data,	  OPLS-­‐DA	  was	  not	  considered	  appropriate	  for	  analysis	  of	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Figure	   79:	   OPLS	  model	   generated	   from	   1H	  NMR	   spectra	   of	   aqueous	   kidney	   extract	   samples	   collected	   from	   all	  
animals,	  excluding	  the	  obese	  animal	  from	  cage	  five	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  
R2Y	   =	   0.97,	  Q2Y	   =	   0.55,	   R2X	   =	   0.24)	   at	   fourteen	  weeks	   of	   age,	   using	   body	  weight	   as	   the	   Y	   predictor.	   A:	   Cross-­‐
validated	  scores	  plot	  demonstrating	  between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  
variation	  in	  the	  orthogonal	  component	  (TYosc	  1);	  the	  numbers	  shown	  indicate	  the	  cage	  number	  of	  each	  animal.	  
B:	  Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  1,	  Isoleucine;	  2,	  Leucine;	  3,	  Valine;	  4,	  Lactate;	  
5,	  Lysine;	  6,	  Alanine;	  7,	  Acetate;	  15,	  Aspartate;	  16,	  Dimethylamine;	  18,	  Creatine;	  22,	  Betaine;	  23,	  Trimethylamine-­‐
N-­‐oxide;	   24,	   Myo-­‐Inositol;	   29,	   Glycine;	   32,	   Inosine;	   33,	   Uridine;	   34,	   Uridine	   diphosphate;	   35,	   Uridine	  
triphosphate;	  U1,	  unknown	  metabolite	  [doublet	  at	  δ4.02].	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6.5.7	   1H	  NMR	  spectroscopy	  of	  aqueous	  pancreas	  extracts	  
	  
Typical	   1H	  NMR	   spectra	   of	   aqueous	   pancreas	   extracts	   from	   the	   homozygous	   lean,	  
heterozygous	   lean	  and	  homozygous	  obese	   rats	  can	  be	  seen	   in	   figure	  80;	  dominant	  
metabolites	   present	   in	   the	   spectra	   included	   creatine,	   betaine,	   glycine,	  
phosphocholine,	  choline,	  glutamate	  and	  alanine,	  which	  is	  consistent	  with	  previous	  1H	  
NMR	  analyses	  of	  aqueous	  pancreas	  extracts	   in	  rodents	  (Martin,	  Dumas	  et	  al.	  2007;	  
Montoliu,	   Martin	   et	   al.	   2009).	   The	   particular	   method	   used	   here	   for	   extraction	   of	  
metabolites	   can	   result	   in	   a	   very	   small	   amount	   of	   lipid	   remaining	   in	   the	   aqueous	  
fraction,	  and	  unfortunately	  five	  of	  the	  eighteen	  pancreas	  extract	  samples	  were	  found	  
to	   contain	   residual	   lipid	   resonances.	   The	   areas	   of	   the	   spectra	   containing	   lipid	  
resonances	   were	   removed	   from	   all	   samples	   to	   avoid	   any	   distorting	   effect	   on	   the	  
multivariate	   analyses.	   This	   included	   a	   lipid	   resonance	   at	  δ1.29,	  which	   affected	   the	  
resonance	   for	   lactate	   at	   δ1.32;	   thus,	   this	   resonance	   for	   lactate	   was	   removed,	  
however	  the	  lactate	  resonance	  at	  δ4.11	  was	  unaffected	  by	   lipid	  contamination	  and	  
so	   could	   be	   used	   to	   compare	   the	   relative	   concentration	   of	   this	  metabolite	   across	  
samples.	  
	  
Initial	   visual	   inspection	   of	   the	   one-­‐dimensional	   spectra	   indicated	   that	   the	   most	  
obvious	  differences	  between	  phenotypes	  were	   lower	  creatine,	  betaine	  and	  glycine,	  
and	   higher	   alanine	   in	   the	   obese	   samples,	   compared	   to	   the	   samples	   from	   lean	  
animals.	  Samples	  from	  the	  two	  lean	  genotypes	  appeared	  to	  show	  similar	  metabolite	  
profiles,	  with	  the	  exception	  of	   lower	  acetate	   in	  the	  homozygous	  lean,	  compared	  to	  
heterozygous	  lean	  samples.	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Figure	  80:	  Typical	  600	  MHz	  1H	  NMR	  spectra	  of	  aqueous	  pancreas	  extracts	  from	  homozygous	  obese,	  heterozygous	  
lean	  and	  homozygous	  lean	  Zucker	  rats	  aged	  14	  weeks;	  the	  vertical	  axis	  of	  the	  frequency	  range	  δ5.9-­‐8.6	  has	  been	  
expanded	  (x6)	  to	  aid	  visualisation	  of	  peaks,	  and	  the	  regions	  containing	  the	  water	  resonance	  [δ4.6-­‐5.9],	  and	  lipid	  
contamination	  [δ1.3-­‐1.4]	  have	  been	  removed.	  See	  table	  2	  for	  the	  key	  for	  metabolite	  labels.	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6.5.1	   Unsupervised	  multivariate	  analysis:	  PCA	  modelling	  of	  1H	  NMR	  aqueous	  
pancreas	  extract	  spectral	  data	  
	  
As	  with	  the	  liver	  and	  kidney	  aqueous	  extract	  data,	  Pareto-­‐scaled	  data	  was	  used	  for	  
PCA	  modelling	  of	  the	  1H	  NMR	  aqueous	  pancreas	  extract	  spectral	  data	  as	  the	  loadings	  
of	   the	  models	  were	  dominated	  by	   large	  variation	   in	   the	   resonances	   for	  TMAO	  and	  
creatine	  when	  no	  scaling	  was	  applied.	  
	  
A	  model	  was	  first	  constructed	  using	  all	  samples	  and	  clearly	  demonstrated	  clustering	  
of	   samples	   according	   to	   phenotype	   (figure	   81A).	   The	   loadings	   suggested	   that	   this	  
separation	  was	  due	  to	  lower	  creatine,	  TMAO,	  glycine	  and	  betaine,	  and	  higher	  alanine	  
in	  the	  samples	  from	  the	  obese,	  compared	  to	  the	  lean	  animals.	  The	  homozygous	  lean	  
and	   heterozygous	   lean	   animals	   from	   cages	   one	   and	   five,	   respectively,	   were	  
moderate	  outliers	   due	   to	   reduced	   intensity	   of	   a	   resonance	   at	  δ3.23	   (figure	   81,	   C).	  
Additionally	   the	   resonance	   for	   formate,	   at	   δ8.46,	   was	   much	   higher	   in	   the	  
heterozygous	   lean	  animal	   from	  cage	  five	  compared	  to	  all	  other	  samples	   (figure	  81,	  
D).	  Cage-­‐related	  clustering	  was	  not	  apparent	  (figure	  81,	  B),	  with	  samples	  from	  each	  
cage	   clustering	   close	   to	   the	  origin	   suggesting	  only	   subtle	  differences	   in	  metabolite	  
profiles	  between	  cages.	  
	  
In	  order	  to	  better	  understand	  the	  metabolite	  differences	  underlying	  the	  separation	  
between	   obese	   and	   lean	   phenotypes,	   the	   outlier	   animals	   (the	   homozygous	   lean	  
animal	  from	  cage	  one	  and	  heterozygous	  lean	  animal	  from	  cage	  five)	  were	  excluded,	  
as	   the	  variation	   in	   the	  resonance	  at	  δ3.23	  dominated	  the	   loadings,	  and	  a	  new	  PCA	  
model	   was	   constructed	   (figure	   82).	   Clear	   separation	   between	   the	   obese	   and	   lean	  
phenotypes	  can	  be	  seen,	  with	  no	  apparent	  difference	  between	  the	   lean	  genotypes	  
(figure	   82,	   A).	   The	   loadings	   indicated	   that	   the	   primary	   metabolite	   differences	  
underlying	   the	   separation	   were	   higher	   alanine	   and	   phosphocholine,	   and	   lower	  
TMAO,	   betaine	   and	   creatine	   in	   the	   obese,	   compared	   to	   the	   lean	   samples.	   Again,	  
when	   the	   loadings	  were	   interpreted	  with	   reference	   to	   the	   cage	   the	   animals	  were	  
housed	   in,	   no	   clear	   trends	   emerged	   to	   indicate	   any	   significant	   differences	   in	  
metabolite	  profiles	  between	  cages	  (figure	  82,	  B).	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Figure	  81:	   A	   and	  B:	   PCA	   scores	  plots	   generated	  using	   1H	  NMR	   spectra	  of	   aqueous	  pancreas	   extracts	   collected	  
from	  all	  animals	  (mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.64,	  Q2	  =	  0.15).	  Principal	  components	  1	  and	  2	  (PC1	  and	  
PC2)	  are	  shown	  with	  the	  percentage	  of	  explained	  variance	  described	  by	  each	  component;	  samples	  are	  coloured	  
according	  to	  either	  the	  genotype	  (A)	  or	  the	  cage	  (1-­‐6)	  of	  each	  animal	  (B);	  the	  numbers	  shown	  in	  plot	  A	  indicate	  
the	  cage	  number	  of	  each	  animal.	  C	  and	  D:	  1H	  NMR	  spectra	  of	  aqueous	  pancreas	  extracts	  from	  all	  animals	  with	  the	  
samples	   from	   the	   homozygous	   lean	   animal	   from	   cage	   one	   and	   heterozygous	   lean	   animal	   from	   cage	   five	  
highlighted	   in	   green	   and	   red,	   respectively,	   to	   demonstrate	   the	   reduced	   intensity	   of	   the	  peak	   at	  δ3.23	   in	   both	  
samples	  (C)	  and	  the	  increased	  intensity	  of	  the	  formate	  peak	  at	  δ8.46	  in	  heterozygous	  lean	  animal	  sample	  (D).	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Figure	   82:	   PCA	   scores	   plots	   generated	   using	   1H	   NMR	   spectra	   of	   aqueous	   pancreas	   extracts	   (mean	   centred,	  
Pareto-­‐scaled	   data;	   R2	   =	   0.58,	   Q2	   =	   0.29).	   Principal	   components	   1	   and	   3	   (PC1	   and	   PC3)	   are	   shown	   with	   the	  
percentage	   of	   explained	   variance	   described	   by	   each	   component;	   A:	   samples	   are	   coloured	   according	   to	   the	  
genotype	  of	  the	  animal.	  The	  numbers	  shown	  indicate	  the	  cage	  number	  of	  each	  animal.	  B:	  Samples	  are	  coloured	  
according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	  The	  homozygous	  lean	  animal	  from	  cage	  one	  and	  heterozygous	  lean	  
animal	   from	   cage	   five	  were	   not	   included	   in	   the	  model	   to	   aid	   interpretation	   of	   the	   scores	   and	   loadings	   of	   the	  
model.	  
	  
6.5.2	   Supervised	  multivariate	  analysis:	  OPLS	  and	  OPLS-­‐DA	  modelling	  of	  1H	  
NMR	  aqueous	  pancreas	  extract	  spectral	  data	  
	  
OPLS	   and	   OPLS-­‐DA	   were	   used	   to	   further	   examine	   the	   differences	   in	   metabolite	  
profiles	   between	   the	   three	   differing	   genotypes,	   first	   using	   a	   pair-­‐wise	   comparison	  
approach	  to	  compare	  two	  genotypes	  at	  a	  time,	  using	  genotype	  as	  the	  Y	  predictor.	  
	  
Initially,	   an	   OPLS-­‐DA	   model	   was	   constructed	   using	   the	   spectral	   data	   from	   all	   the	  
homozygous	   lean	   and	   obese	   animals	   as	   the	   X	   matrix,	   and	   genotype	   as	   the	   Y	  
predictor.	  Separation	  between	  classes	  was	  achieved	  in	  the	  predictive	  component	  of	  
the	   scores.	   Within-­‐class	   variation	   was	   higher	   in	   the	   homozygous	   lean	   samples,	  
compared	  to	  the	  obese,	  except	  for	  the	  obese	  animal	   from	  cage	  five	  which	  differed	  
from	   the	   other	   obese	   animals,	   predominantly	   due	   to	   higher	   resonances	   at	   δ3.23,	  
tentatively	   assigned	   as	   glycerol	   (figure	   83,	   A).	   Additionally,	   in	   the	   predictive	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component	   of	   the	   scores,	   the	   lean	   animal	   from	   cage	   one	   appeared	   to	   be	   more	  
similar	  to	  the	  obese	  animals,	  compared	  to	  the	  other	  lean	  animals.	  Upon	  examination	  
of	  the	  one-­‐dimensional	  spectra,	  this	  appeared	  to	  be	  due	  to	  lower	  creatine,	  uridine,	  
inosine,	   and	   betaine	   in	   this	   sample,	   compared	   to	   the	   other	   lean	   animals.	  
Interestingly,	  although	  the	  sample	  exhibited	  these	  obese-­‐like	  traits,	  the	  sample	  also	  
had	   low	   resonances	   for	   alanine	   and	   BCAAs,	   a	   feature	   shared	   with	   the	   other	   lean	  
pancreas	   samples.	   The	   loadings	   from	   the	  model	   revealed	   that	   the	   key	  metabolite	  
differences	  between	  the	  two	  genotypes	  were	  higher	  BCAAs,	  alanine,	  acetate,	  myo-­‐
inositol,	   lactate,	   and	  phenylalanine,	   and	   lower	  aspartate,	   creatine,	  betaine,	   TMAO,	  
glycine	  and	  tyrosine,	  in	  the	  obese,	  compared	  to	  the	  lean	  samples	  (figure	  83,	  B).	  
	  
As	  with	  the	  aqueous	  liver	  and	  kidney	  extract	  data,	  it	  was	  important	  to	  compare	  the	  
obese	  samples	  with	  the	  heterozygous	  lean	  samples,	  to	  confirm	  whether	  the	  two	  lean	  
genotypes	   had	   similar	   metabolite	   profiles.	   A	   model	   was	   constructed	   using	   all	  
samples	  from	  the	  obese	  and	  heterozygous	  lean	  animals,	  with	  genotype	  used	  as	  the	  Y	  
predictor.	  In	  the	  predictive	  component	  of	  the	  scores,	  the	  obese	  and	  lean	  samples	  did	  
not	  overlap,	   but	   the	   samples	   from	   the	  heterozygous	   lean	  animals	   from	  cages	   four	  
and	   six	   were	   close	   to	   overlapping	   with	   the	   obese	   sample	   cluster	   (figure	   84,	   A).	  
Inspection	   of	   the	   one-­‐dimensional	   spectra	   indicated	   that	   this	   was	   due	   to	   higher	  
resonances	   for	   phosphocholine	   and	  δ3.23	   in	   the	   lean	   sample	   from	   cage	   four,	   and	  
high	   BCAAs	   in	   the	   lean	   sample	   from	   cage	   six,	   relative	   to	   the	   other	   lean	   samples.	  
These	   specific	   features	  were	   consistent	  with	   the	   obese	   profiles,	   however	  many	   of	  
the	   lean	   features,	   such	   as	   high	   creatine	   and	   TMAO,	   were	   also	   found	   in	   the	   lean	  
samples	   from	   cages	   four	   and	   six.	   As	   seen	   in	   the	   PCA	   modelling	   of	   the	   pancreas	  
extract	  data,	   the	  heterozygous	   lean	  animal	   from	  cage	  five	  was	  an	  outlier,	  although	  
this	  was	  due	  to	  within-­‐class,	  rather	  than	  between-­‐class,	  variation.	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Figure	  83:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  pancreas	  extract	  samples	  collected	  from	  
all	  homozygous	  lean	  and	  obese	  animals,	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.99,	  
Q2Y	  =	  0.67,	  R2X	  =	  0.27)	  at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  scores	  plot	  
demonstrating	   between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	  
orthogonal	   component	   (TYosc	   1);	   the	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	  
Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  1,	  Isoleucine;	  2,	  Leucine;	  3,	  Valine;	  4,	  Lactate;	  5,	  
Lysine;	  6,	  Alanine;	  7,	  Acetate;	  15,	  Aspartate;	  18,	  Creatine;	  20,	  Phosphocholine;	  22,	  Betaine;	  23,	  Trimethylamine-­‐
N-­‐oxide;	  24,	  Myo-­‐Inositol;	  25,	  Phenylalanine;	  29,	  Glycine;	  32,	  Inosine;	  33,	  Uridine;	  38,	  Tyrosine.	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Figure	  84:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  pancreas	  extract	  samples	  collected	  from	  
all	   heterozygous	   lean	   and	   homozygous	   obese	   animals,	   (one	   predictive	   component	   plus	   one	   orthogonal	  
component;	  R2Y	  =	  0.97,	  Q2Y	  =	  0.55,	  R2X	  =	  0.35)	  at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  
Cross-­‐validated	   scores	   plot	   demonstrating	   between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	  
within-­‐class	  variation	  in	  the	  orthogonal	  component	  (TYosc	  1);	  the	  numbers	  shown	  indicate	  the	  cage	  number	  of	  
each	   animal.	   B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   1,	   Isoleucine;	   2,	   Leucine;	   3,	  
Valine;	   4,	   Lactate;	   6,	   Alanine;	   15,	   Aspartate;	   18,	   Creatine;	   22,	   Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   24,	  Myo-­‐
Inositol;	  25,	  Phenylalanine;	  28,	  Taurine;	  29,	  Glycine;	  38,	  Tyrosine.	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Confidence	  in	  the	  predictive	  ability	  of	  the	  model	  was	  tested	  using	  a	  permutation	  test	  
involving	   1000	   permutations	   of	   the	   Y	   matrix;	   the	   Q2	   value	   of	   the	   model	   was	  
considered	  significantly	  different	  to	  the	  randomly	  generated	  Q2	  values,	  however,	  out	  
of	  1000	  Q2	  values	  generated,	  six	  were	  found	  to	  have	  a	  higher	  value	  than	  the	  actual	  
Q2	  value	  of	   the	  model,	   indicating	  weaker	   confidence	   in	   the	  predictive	  value	  of	   the	  
model.	  This	  likely	  reflects	  the	  obese-­‐profile	  features	  found	  in	  the	  heterozygous	  lean	  
samples	   from	   cages	   four	   and	   six.	   The	   loadings	   largely	   reflected	   those	   found	  when	  
comparing	   the	   homozygous	   lean	   with	   the	   obese	   animals	   (figure	   83),	   with	   higher	  
BCAAs,	   alanine,	   myo-­‐inositol,	   lactate,	   and	   phenylalanine,	   and	   lower	   aspartate,	  
creatine,	   TMAO,	   betaine,	   glycine	   and	   tyrosine	   in	   the	   obese,	   compared	   to	   the	   lean	  
samples.	  A	  key	  difference	   in	   this	  model,	  however,	  was	  higher	   taurine	   in	   the	  obese	  
samples,	  compared	  to	  the	  lean	  (figure	  84,	  B).	  
	  
A	   final	   pair-­‐wise	   OPLS-­‐DA	  model	   was	   created	   comparing	   the	   two	   lean	   genotypes;	  
interestingly,	   in	   the	   predictive	   component	   of	   the	   scores	   the	   two	   classes	   only	  
narrowly	   overlap,	   suggestive	   of	   slight	   differences	   between	   the	   two	   lean	   genotype	  
metabolite	  profiles	   (appendix;	   figure	  107,	  A).	  However,	   the	  predictive	  value	  of	   this	  
model	  based	  on	  a	  permutation	   test	  was	  not	   judged	   to	  be	   robust.	  Additionally,	   the	  
loadings	   of	   this	   model	   indicated	   that	   the	   differences	   between	   the	   two	   lean	  
genotypes	  were	  subtle,	  with	  slightly	  higher	  taurine	  and	  lower	  succinate	  and	  acetate	  
in	   the	  homozygous,	   compared	   to	   the	  heterozygous	   lean	   samples;	   other	   regions	  of	  
the	  coefficient	  loadings	  plot	  shown	  to	  have	  high	  correlation	  coefficients	  were	  due	  to	  
mis-­‐aligned	  spectra	  (appendix;	  figure	  107,	  B).	  
	  
In	  addition	  to	  the	  pair-­‐wise	  comparisons	  of	  the	  differing	  genotypes	  using	  OPLS-­‐DA,	  
an	   OPLS	  model	   was	   constructed	   using	   all	   samples	   from	   all	   three	   genotypes,	   with	  
body	   weight	   as	   the	   Y	   matrix.	   The	   obese	   and	   lean	   phenotypes	   separated	   in	   the	  
predictive	  component	  of	  the	  scores,	  with	  overlap	  between	  the	  two	  lean	  genotypes	  
(figure	  85,	  A).	  The	  heterozygous	  lean	  animal	  from	  cage	  five	  separated	  from	  the	  other	  
lean	   animals	   in	   the	   orthogonal	   component,	   as	   observed	   in	   the	   pair-­‐wise	   OPLS-­‐DA	  
models,	   and	   the	   PCA	   model	   of	   all	   the	   pancreas	   samples.	   The	   loadings	   from	   the	  
model	  broadly	  reflect	  those	  seen	  in	  the	  pair-­‐wise	  OPLS-­‐DA	  model	  comparisons	  of	  the	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obese	   and	   lean	   phenotypes,	   with	   the	  most	   significant	   correlations	   being	   creatine,	  
TMAO	  and	  betaine,	  which	  were	  negatively	  correlated	  with	  body	  weight,	  and	  BCAAs,	  
alanine,	   phenylalanine	   and	   lactate,	   which	   were	   positively	   correlated	   with	   body	  
weight	   (figure	   85,	   B).	   As	   with	   the	   previous	   tissue	   analyses,	   OPLS-­‐DA	   was	   not	  
considered	  appropriate	  for	  analysis	  of	  cage-­‐associated	  differences	  due	  to	  the	  small	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Figure	  85:	  OPLS	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  pancreas	  extract	  samples	  collected	  from	  all	  
animals	   (one	   predictive	   component	   plus	   one	   orthogonal	   component;	   R2Y	   =	   0.96,	   Q2Y	   =	   0.72,	   R2X	   =	   0.23)	   at	  
fourteen	   weeks	   of	   age,	   using	   body	   weight	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	  
between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	  
component	  (TYosc	  1);	  the	  numbers	  shown	  indicate	  the	  cage	  number	  of	  each	  animal.	  B:	  Corresponding	  coefficient	  
plot.	  OPLS-­‐DA	   coefficient	  plot	   labels:	   1,	   Isoleucine;	   2,	   Leucine;	   3,	  Valine;	   4,	   Lactate;	   6,	  Alanine;	   7,	  Acetate;	   15,	  
Aspartate;	   18,	   Creatine;	   22,	   Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   24,	   Myo-­‐Inositol;	   25,	   Phenylalanine;	   29,	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Metabolite	   Moieties	  	   δ1H	   Multiplicity	  
Present	  in	  
aqueous	  tissue	  
extract	  (L,	  liver;	  
K,	  kidney;	  P,	  
pancreas)	  
Trend	  associated	  with	  homozygous	  lean,	  
compared	  to	  homozygous	  obese	  animals.	  	  
L	   K	   P	  



















L,	  K,	  P	      













L,	  K,	  P	      













L,	  K,	  P	      






L,	  K,	  P*	      


















K,	  P	   -­‐	     






L,	  K,	  P	      
7	   Acetate	   CH3	   1.92	   s	   L,	  K,	  P	   NSD	     










L,	  K,	  P	      
9	   O-­‐acetyl-­‐glycoproteins	   CH3	   2.07	   s	   L,	  K,	  P	    NSD	   NSD	  










L,	  K,	  P	    NSD	   NSD	  
















L	  	   NSD	   -­‐	   -­‐	  
12	   Pyruvate	   CH3	   2.37	   s	   L,	  K	   NSD	   NSD	   -­‐	  
13	   Succinate	   CH3	   2.40	   s	   L,	  K,	  P	   NSD	   NSD	   NSD	  





L,	  K	    NSD	   -­‐	  










K,	  P	   -­‐	     
16	   Dimethylamine	   CH3	   2.72	   s	   L,	  K	   NSD	    -­‐	  








L,	  K,	  P	    NSD	   NSD	  





L,	  K,	  P	      










L,	  K,	  P	    NSD	   NSD	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L,	  K,	  P	      
23	   Trimethylamine-­‐N-­‐oxide	   N-­‐(CH3)3	   3.27	   s	   L,	  K,	  P	      
24	   Myo-­‐Inositol	  
C5H	  
C1H	  &	  C3H	  










K,	  P	   -­‐	     
25	   Phenylalanine	  
1/2-­‐βCH2	  
1/2-­‐βCH2	  
C3H	  &	  C5H	  
C4H	  











K,	  P	  	   -­‐	     
26	   scyllo-­‐Inositol	   CH	   3.35	   s	   L,	  K,	  P	   NSD	   NSD	   NSD	  






















L,	  K	    NSD	   -­‐	  




t	   L,	  K,	  P	     NSD	  
29	   Glycine	   α-­‐CH2	   3.56	   s	   L,	  K,	  P	   NSD	     










K,	  P	   -­‐	   NSD	   NSD	  



















L	    -­‐	   -­‐	  



























L,	  K,	  P	     -­‐	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L	   NSD	   -­‐	   -­‐	  
37	   Fumarate	   2×CH3	   6.53	   s	   L,	  K,	  P	   NSD	   NSD	   NSD	  




d	   L,	  K,	  P	   NSD	   NSD	    
39	   Formate	   CH	   8.46	   s	   L,	  K	   NSD	   NSD	   NSD	  
	  
Table	   2:	   List	   of	   metabolites	   detected	   in	   tissue	   extracts.	   Key:	   	   metabolite	   found	   to	   be	   marginally	   higher	   in	  
homozygous	   obese	   animals;	   	  metabolite	   found	   to	   be	   substantially	   higher	   in	   homozygous	   obese	   animals;	   	  
metabolite	  found	  to	  be	  marginally	  lower	  in	  homozygous	  obese	  animals;	   	  metabolite	  found	  to	  be	  substantially	  
lower	  in	  homozygous	  obese	  animals,	  compared	  to	  lean	  animals.	  (s),	  singlet;	  (d),	  doublet;	  (t),	  triplet;	  (dt),	  doublet	  
of	   triplets;	   (q),	   quartet;	   (m),	   multiplet;	   NSD,	   no	   significant	   difference	   between	   homozygous	   lean	   and	   obese	  
samples.	  Metabolites	  were	  assigned	  using	  the	  literature	  and	  available	  databases,	  with	  further	  confirmation	  aided	  
by	  use	  of	  two-­‐dimensional	  spectral	  analysis	  (COSY	  and	  TOCSY).	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6.6	   Discussion	  
	  
Both	   unsupervised	   and	   supervised	   multivariate	   statistical	   analyses	   were	   used	   to	  
successfully	  differentiate	  between	  the	  obese	  and	  lean	  phenotypes	  of	  the	  Zucker	  rat,	  
based	  on	  metabolite	  profiles	  of	  liver,	  kidney	  and	  pancreas	  tissue	  generated	  using	  1H	  
NMR	  spectroscopy.	  Mild	  cage-­‐associated	  trends	  were	  observed	  in	  the	  unsupervised	  
multivariate	  analysis,	  although	  the	  number	  of	  animals	  per	  cage	  was	  not	  large	  enough	  
to	   make	   a	   robust	   assessment	   of	   the	   potential	   metabolite	   differences.	   In	  
unsupervised	  multivariate	   analysis,	   the	   lean	   phenotypes	   were	   observed	   to	   cluster	  
together,	   reflecting	   similar	   metabolite	   profiles.	   OPLS-­‐DA	   analysis	   showed	   slight	  
differences	  between	  the	   lean	  strains,	  particularly	   in	  the	  kidney	  tissue.	  However,	  on	  
closer	   inspection	   a	   few	   outliers	   drove	   the	   differences	   between	   genotypes	   and	  
models	   comparing	   the	   two	   lean	   strains	   failed	   to	  pass	  permutation	   tests,	   indicating	  
that	  the	  metabolic	  differences	  between	  the	  lean	  genotypes	  was	  negligible	  .	  
	  
The	   loadings	   of	   the	   multivariate	   analyses	   indicated	   that	   the	   most	   significant	  
phenotypic	   metabolite	   differences	   related	   to:	   disruptions	   in	   the	   metabolism	   of	  
choline,	  nucleosides,	  BCAAs	  and	  other	  amino	  acids;	  altered	  energy	  homeostasis;	  and	  
functional	  differences	  in	  host-­‐microbiome	  interaction.	  	  
	  
6.6.1	   Perturbed	  choline	  metabolism	  and	  phospholipid	  synthesis	  in	  the	  obese	  
liver	  
	  
Betaine	   was	   found	   to	   be	   lower	   in	   the	   liver,	   kidney	   and	   pancreas	   extracts	   of	   the	  
obese,	   compared	   to	   the	   lean	   animals.	   Additionally,	   obese	   rats	   had	   higher	   hepatic	  
phosphocholine	   and	   moderately	   lower	   hepatic	   choline,	   compared	   to	   the	   lean	  
animals.	  These	  findings	  are	  consistent	  with	  previous	  1H	  NMR	  and	  high-­‐performance	  
liquid	  chromatography	   (HPLC)	  GC-­‐MS	  analyses	  of	   liver	   tissue	  extracts	   in	   the	  Zucker	  
rat	  (Shin,	  da	  Costa	  et	  al.	  1997;	  Serkova,	  Jackman	  et	  al.	  2006;	  Zhao,	  Zhang	  et	  al.	  2011),	  
and	  are	  indicative	  of	  altered	  choline	  and	  phospholipid	  metabolism	  in	  the	  obese	  liver,	  
and	  to	  a	  lesser	  extent,	  kidney	  and	  pancreas.	  The	  findings	  are	  likely	  to	  be	  associated	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with	   the	   dyslipidaemia	   and	   hepatic	   lipid	   accumulation	   in	   the	   obese	   Zucker	   rat	  
(Selzner	  and	  Clavien	  2000;	  Serkova,	  Jackman	  et	  al.	  2006;	  Aleixandre	  de	  Artinano	  and	  
Miguel	  Castro	  2009).	  
	  
The	   leptin	   receptor	  mutation	  present	   in	   the	   obese	   Zucker	   rat	   causes	   hyperphagia,	  
with	   obese	   rats	   consuming	   approximately	   30-­‐50%	   more	   food	   than	   their	   lean	  
littermates	  (Zucker	  and	  Zucker	  1962;	  Barry	  and	  Bray	  1969;	  Jenkins	  and	  Hershberger	  
1978;	  Harris,	  Tobin	  et	  al.	  1988).	  However,	  whilst	   increased	  consumption	  of	  calories	  
undoubtedly	   contributes	   to	   obesity	   and	   a	   range	   of	   other	   metabolic	   syndrome	  
features	  of	  the	  obese	  Zucker	  rat,	  it	  is	  thought	  that	  the	  dyslipidaemia	  observed	  is	  not	  
due	   to	  hyperphagia	  alone.	  Previous	   studies	  have	   shown	   that	  hepatic	  or	   total	  body	  
percentage	   lipid	   content	   has	   not	   consistently	   been	   corrected	   by	   pharmacological	  
suppression	  of	   appetite	  or	   lifelong	   restriction	  of	   food	   intake	   (Cleary,	  Vasselli	   et	   al.	  
1980;	  Vasselli,	  Haraczkiewicz	  et	  al.	  1983;	  Pavón,	  Serrano	  et	  al.	  2008),	  suggesting	  that	  
lipid	  metabolism	  is	  fundamentally	  disturbed	  in	  obese	  Zucker	  rats	  compared	  to	  their	  
lean	  equivalents.	  It	  should	  be	  noted	  that	  certain	  pharmaceutical	  interventions	  have	  
achieved	   both	   reduced	   food	   intake	   as	   well	   as	   reductions	   in	   plasma	   cholesterol,	  
visceral	   fat	  deposition	  and	  hepatic	   lipid	   content	   in	   the	  obese	  Zucker	   rat.	  However,	  
the	  mechanisms	   proposed	   to	   underlie	   these	   effects	   are	   far	  more	   complex	   than	   a	  
simple	  reduction	  in	  calorific	  intake	  through	  modulation	  of	  appetite,	  with	  alterations	  
in	  lipid	  metabolism,	  glucose	  homeostasis	  and	  slower	  gastric	  emptying	  among	  effects	  
associated	  with	  pharmaceutical	  intervention	  (Szayna,	  Doyle	  et	  al.	  2000;	  Serrano,	  Del	  
Arco	   et	   al.	   2008).	   These	   observations	   further	   confirm	   the	   significance	   of	  
fundamentally	  altered	  lipid	  and	  energy	  metabolism	  in	  the	  obese	  Zucker	  rat.	  	  
	  
Many	   factors	   have	   been	   proposed	   to	   contribute	   to	   the	   dysregulation	   of	   lipid	  
metabolism	   observed	   in	   the	   obese	   Zucker	   rat,	   including	   increased	   adipose	   tissue	  
lipoprotein	   lipase	  activity	   (Gruen,	  Hietanen	   et	  al.	  1978;	  Boivin	  and	  Deshaies	  2000);	  
depressed	  oxidation	  and	  increased	  esterification	  of	  hepatic	  free	  fatty	  acids	  (Fukuda,	  
Azain	  et	  al.	  1982);	  and	  enhanced	  liver	  lipogenesis	  (Turkenkopf,	  Olsen	  et	  al.	  1980).	  In	  
addition,	   it	   has	   been	   proposed	   that	   insulin	   resistance	   in	   this	   animal	   model	   may	  
enhance	  mobilisation	  of	  peripheral	   lipids,	   leading	  to	   increased	  circulating	  free	  fatty	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acids	   (FFAs)	   (Boivin	  and	  Deshaies	  2000),	   although	   the	   relationship	  between	   insulin	  
resistance	   and	   plasma	   FFAs	   is	   still	   not	   clear	   (Karpe,	   Dickmann	   et	   al.	   2011).	   The	  
progression	  and	  causes	  of	  hepatic	   steatosis	   in	   the	  obese	  Zucker	   rat	  have	  not	  been	  
fully	   elucidated,	   as	   the	   mechanisms	   are	   numerous	   and	   complex.	   However,	   the	  
combination	  of	   increased	  plasma	  FFA,	   and	   thus	   increased	   FFA	  uptake	  by	   the	   liver,	  
reduced	   hepatic	  β-­‐oxidation	   of	   FFA,	   and	   increased	  de	   novo	   synthesis	   of	   new	   fatty	  
acid	  molecules	  in	  liver	  are	  all	  likely	  to	  contribute	  to	  hepatic	  lipid	  accumulation	  in	  the	  
obese	  Zucker	  rat	  (Tamura	  and	  Shimomura	  2005).	  
	  
Obese	   Zucker	   rats	   are	   characterised	   by	   hepatic	   triglyceride	   accumulation,	   with	  
investigators	   reporting	   eleven-­‐fold	   higher	   concentrations	   of	   triglyceride	   in	   obese	  
livers	  compared	  to	  controls	   (Shin,	  da	  Costa	  et	  al.	  1997).	  Additionally,	  obese	  Zucker	  
rats	   have	   been	   shown	   to	   have	   significantly	   elevated	   concentrations	   of	   plasma	  
triglyceride	   (Zucker	   and	   Zucker	   1962;	   Barry	   and	  Bray	   1969;	   Schonfeld,	   Felski	   et	   al.	  
1974;	   Serkova,	   Jackman	   et	   al.	   2006),	   and	   elevated	   secretion	   of	   very	   low-­‐density	  
lipoprotein	  (VLDL)	  (Fukuda,	  Azain	  et	  al.	  1982).	  VLDL	  is	  a	  type	  of	   lipoprotein	  used	  to	  
transport	   hydrophobic	   triglycerides	   and	   cholesterol	   in	   the	   blood.	   Lipoproteins	  
require	  a	  phospholipid	  outer	  layer;	  in	  rat	  plasma	  the	  most	  significant	  phospholipid	  is	  
phosphatidyl	   choline	   (Agren,	   Kurvinen	   et	   al.	   2005).	   Phosphatidyl	   choline	   can	   be	  
made	   from	   two	   pathways,	   from	   phosphatidylethanolamine,	   or	   the	   ‘Kennedy’	  
pathway,	   from	   choline.	   The	   latter	   route	   accounts	   for	   approximately	   70%	   of	  
phosphatidyl	  choline	  synthesised	  in	  the	  liver	  (Gibellini	  and	  Smith	  2010).	  The	  Kennedy	  
pathway	   involves	   the	   transformation	   of	   choline	   to	   phosphocholine,	   and	   then	  
phosphocholine	   to	   cytidine	  diphosphate-­‐choline	   (CDP-­‐choline).	   CDP-­‐choline	   is	   then	  
combined	  with	  diglyceride	  to	  produce	  phosphatidyl	  choline	  (Zeisel	  1981)	  (see	  figure	  
86).	   Thus,	   both	   choline	   and	   phosphocholine	   are	   important	   intermediates	   in	   the	  
synthesis	  of	  phosphatidyl	  choline,	  which	   is	   itself	  an	  essential	  component	   in	  normal	  
hepatic	  VLDL	  secretion	  and	   lipid	  metabolism	  (Yao	  and	  Vance	  1988;	  Kang	  and	  Davis	  
2000;	  Vance	  2008).	  
	  
In	  addition,	  betaine	  plays	  an	  important	  role	  in	  choline	  metabolism,	  and	  by	  extension	  
lipid	   metabolism,	   as	   a	   methyl	   donor	   in	   the	   conversion	   of	   homocysteine	   to	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methionine,	   producing	   dimethylglycine	   via	   the	   enzyme	   betaine-­‐homocysteine-­‐
methyltransferase	   (BHMT),	   a	   reaction	   that	   takes	   place	   primarily	   in	   the	   liver	   and	  
kidneys,	   and	   secondarily	   in	   the	  pancreas	   (Craig	   2004;	   Lever	   and	   Slow	  2010).	   Thus,	  
choline,	   methionine	   and	   betaine	   metabolism	   are	   closely	   interrelated	   (Zeisel	   and	  
Blusztajn	  1994;	  Niculescu	  and	  Zeisel	  2002)	  (see	  figure	  86).	  Betaine	  is	  synthesised	  in	  
the	   kidney	   and	   liver	   by	   oxidation	   of	   choline,	   catalysed	   by	   choline	   dehydrogenase	  
(Zeisel	  and	  Blusztajn	  1994),	  and	  hence	  the	  reduced	  concentration	  of	  betaine	   in	  the	  




Figure	   86:	   Schematic	   of	   choline	   metabolism	   leading	   to	   phosphatidyl	   choline	   synthesis.	   Abbreviations:	   TCA,	  
tricarboxylic	  acid	  cycle;	  CMP,	  cytidine	  monophosphate;	  VLDL,	  very-­‐low-­‐density	   lipoprotein;	  PEMT,	  phosphatidyl	  
ethanolamine	  methyltransferase;	  BHMT,	  betaine-­‐homocysteine-­‐methyltransferase;	  DMG,	  dimethylglycine;	  CDP-­‐
choline,	   cytidine	   diphosphate-­‐choline;	   TMA,	   trimethylamine;	   FMOs,	   flavin-­‐containing	   monooxygenase;	   TMAO,	  
trimethylamine	  N-­‐oxide.	  *compared	  to	  lean	  animal	  samples.	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Further	   to	   this,	   the	   significance	   of	   choline	   and	   betaine	   to	   hepatic	   health	   and	   the	  
development	  of	  NAFLD	  has	  been	  demonstrated	  by	  dietary	  deficiency	  studies;	  choline	  
deficiency	  has	  been	  shown	  to	  exacerbate	  accumulation	  of	  lipid	  in	  the	  liver	  following	  
a	  high-­‐fat	  diet	  (Raubenheimer,	  Nyirenda	  et	  al.	  2006),	  and	  betaine	  has	  been	  shown	  to	  
prevent	   and	   correct	   cirrhosis	   in	   rats	   (Webster	   1942;	   Best,	   Ridout	   et	   al.	   1969).	   As	  
described	  previously,	  choline	  is	  required	  for	  the	  production	  of	  VLDL	  in	  the	  liver;	  thus,	  
a	  dietary	  absence	  of	  choline	  impairs	  exocytosis	  of	  triglycerides	  from	  the	  liver	  leading	  
to	   lipid	  accumulation	  in	  hepatocytes,	  and	  hence	  fatty	   liver	  (Nakano,	  Nagasaki	  et	  al.	  
1997).	   Additionally,	   betaine	   can	   enhance	   the	   secretion	   of	   VLDL	   via	  methylation	   of	  
phosphatidylethanolamine	  to	  form	  phosphatidyl	  choline	  (Yao	  and	  Vance	  1989)	  (see	  
figure	  86).	  
	  
Many	   studies	   have	   emphasised	   the	   association	   between	   alterations	   in	   choline,	  
phosphocholine	   and	   betaine,	   and	   hepatic	   steatosis,	   dyslipidaemia	   and	   many	   key	  
features	  of	  the	  metabolic	  syndrome.	  For	  example,	  plasma	  betaine	  has	  been	  shown	  
to	   be	   inversely	   associated	   with	   serum	   non-­‐HDL	   cholesterol,	   triglycerides,	   BMI,	  
percent	  body	   fat,	  waist	  circumference,	  and	  blood	  pressure,	   in	  a	  human	  population	  
(Konstantinova,	   Tell	   et	   al.	   2008).	   Additionally,	   increased	   hepatic	   concentrations	   of	  
phosphatidyl	  choline	  and	  reduced	  betaine	  has	  previously	  been	  observed	  in	  high	  fat	  
diet-­‐induced	  obesity	  in	  mice	  (Kim,	  Kim	  et	  al.	  2011).	  Plasma	  phosphocholine	  has	  been	  
shown	   to	  be	   increased	   in	   individuals	  with	  non-­‐alcoholic	   fatty	   liver	  disease	   (Kalhan,	  
Guo	  et	  al.	  2011),	  and	  increases	  in	  hepatic	  phosphocholine	  and	  phosphatidyl	  choline	  
have	  previously	  been	  observed	  with	  orotic	  acid-­‐induced	  fatty	  liver	  (Griffin,	  Bonney	  et	  
al.	   2004).	   Interestingly,	   reduced	   hepatic	   betaine	   was	   observed	   in	   a	   study	   of	  
hyperlipidaemic	  hamsters	  using	  magic-­‐angle	   spinning	  NMR	  spectroscopy;	  however,	  
in	  contrast	  to	  the	  results	  presented	  here,	  hepatic	  phosphocholine	  was	  also	  reduced	  
compared	   to	   controls	   (Sun,	   Lian	   et	   al.	   2012).	   Nevertheless,	   taken	   together,	   the	  
results	   here	   are	   clearly	   indicative	   of	   disturbed	   choline	   metabolism	   in	   the	   obese	  
Zucker	   rat,	   and	   these	   studies	   support	   the	   possibility	   that	   the	   altered	   tissue	  
concentrations	   of	   betaine,	   phopshocholine,	   choline	   and	   dimethylglycine	   observed	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reflect	   the	   hyperlipidaemia	   and	   development	   of	   hepatic	   steatosis	   in	   the	   obese	  
Zucker	  rat.	  
	  
The	   reduced	   hepatic	   O-­‐acteyl-­‐glycoproteins	   in	   the	   obese	   animals	   could	   also	   be	  
related	  to	  hepatic	  dysfunction,	  due	  to	  hepatic	  steatosis,	  or	  could	  also	  be	  a	  reflection	  
of	   obesity-­‐associated	   inflammation.	   The	   disruption	   in	   choline,	   methionine	   and	   S-­‐
Adenosyl	  methionine	   (SAM)	  metabolism	   in	   the	  obese	  Zucker	   rat	  may	   relate	   to	   the	  
reduced	   hepatic	   O-­‐acteyl-­‐glycoproteins	   observed,	   as	   hyperhomocysteinemia	   has	  
been	   previously	   associated	   with	   reduced	   glycoprotein	   content	   in	   liver	   tissue,	   and	  
also	  hepatic	  oxidative	  stress	  and	  inflammation	  (Matté,	  Stefanello	  et	  al.	  2009).	  
	  
6.6.2	   Phenotypic	  variation	  in	  gut	  microbial	  metabolism	  and	  osmoregulation	  	  
	  
Certain	  metabolite	  differences	  observed	  between	  the	  tissues	  of	  the	  obese	  and	  lean	  
Zucker	   rats	  may	   relate	   to	   differences	   in	   host-­‐microbiotal	   interaction.	   It	   is	   possible	  
that	   the	   increased	   acetate	   seen	   in	   the	   obese	   tissues	   is	   associated	   with	   increased	  
exogenously	   derived	   acetate,	   due	   to	   increased	   substrate	   (chow)	   for	   intestinal	  
bacterial	   fermentation	   in	   the	   obese	   rats	   (Wolfe	   2005).	   This	   interpretation	   is	  
supported	   by	   the	   observation	   of	  moderately	   higher	   acetate	   in	   the	   faecal	  water	   of	  
these	   obese	   rats	   compared	   to	   the	   lean	   animals	   in	   this	   study.	   Additionally,	   higher	  
urinary	   acetate	   in	   the	   obese	   Zucker	   rat,	   compared	   to	   lean	   controls,	   was	   seen	  
previously	  and	  correlated	  with	  differing	   intestinal	  microbiota	  composition	  between	  
lean	   and	   obese	   strains	   (Waldram,	   Holmes	   et	   al.	   2009).	   Thus,	   differences	   in	   the	  
activities	   of	   the	   intestinal	   microbiota	   may	   have	   contributed	   to	   the	   observed	  
differences	   in	   tissue	   extract	   acetate	   concentration	   between	   the	   phenotypes.	   In	  
addition	   to	   the	   exogenous	   route	   of	   acetate	   formation,	   differences	   in	   endogenous	  
acetate	   metabolism	   may	   have	   also	   been	   a	   factor	   in	   the	   phenotypic	   variation	  
observed	   (Buckley	   and	   Williamson	   1977).	   Alterations	   in	   endogenous	   acetate	  
metabolism	   in	   the	   obese	   Zucker	   rat	  may	   reflect	   altered	   lipogenesis	   in	   this	   animal	  
model	   (Sone,	   Shimano	   et	   al.	   2002),	   or	   a	   progression	   towards	   a	   diabetic	   state,	   as	  
increased	   plasma	   acetate	   concentrations	   have	   been	   observed	   in	   type	   2	   diabetic	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patients	  (Todesco,	  Zamboni	  et	  al.	  1993)	  and	  high	  fat	  feeding-­‐induced	  animal	  models	  
of	   insulin	   resistance	   (Shearer,	   Duggan	   et	   al.	   2008).	   The	   observation	   of	   increased	  
plasma	  acetoacetate	  in	  the	  obese,	  compared	  to	  the	  lean	  animals,	   in	  this	  study,	   is	  a	  
further	  indication	  that	  the	  obese	  animals	  were	  in	  a	  pre-­‐diabetic	  state	  at	  14	  weeks	  of	  
age.	  
	  
TMAO	  was	  found	  to	  be	  significantly	   lower	   in	  the	   liver	  and	  pancreas	  extracts	  of	   the	  
obese,	  compared	  to	  the	  lean	  animals,	  and	  also	  possibly	  lower	  in	  the	  kidney	  extracts	  
of	   the	  obese	  samples,	  although	  differentiation	  with	   the	   resonance	   for	  betaine	  was	  
not	  possible.	  Additionally,	  hepatic	  dimethylglycine	  was	  found	  to	  be	  marginally	  lower	  
in	  the	  obese	  tissue	  extracts.	  Interestingly,	  dimethylamine	  was	  found	  to	  be	  increased	  
in	  obese	  kidney.	  As	  dietary	  composition	  was	  consistent	  between	  the	  obese	  and	  lean	  
Zucker	  rats,	  differences	  in	  liver,	  kidney	  and	  pancreas	  TMAO,	  as	  well	  as	  hepatic	  DMG	  
concentrations,	  could	  relate	  to	  differences	  in	  the	  intestinal	  microbial	  metabolism	  of	  
choline,	   the	   oxidation	   of	   TMA	   in	   the	   liver,	   or	   generalised	   disruption	   of	   choline	  
metabolism	   in	   the	  obese	   liver	   (Griffin,	  Bonney	  et	  al.	  2004),	  as	  discussed	  previously	  
(see	  figure	  86).	  
	  
TMAO,	   dimethylamine	   and	   dimethylglycine	   are	   all	   methylamines	   and	   products	   of	  
choline	  degradation	  (Zeisel	  1981)	  (see	  figure	  86).	  TMAO	  is	  produced	  by	  oxidation	  of	  
trimethylamine	   (TMA)	   (Zeisel,	   DaCosta	   et	   al.	   1985;	   Al-­‐waiz,	   Mitchell	   et	   al.	   1987;	  
Zeisel,	   daCosta	   et	   al.	   1989;	   Smith,	   Wishnok	   et	   al.	   1994),	   via	   flavin-­‐containing	  
monooxygenase	   (FMO),	   specifically	   FMO3,	   an	   enzyme	   predominantly	   expressed	   in	  
the	   liver	   and	   to	   a	   small	   extent	   in	   the	   kidney	   (Lang,	   Yeung	   et	   al.	   1998;	   Zhang	   and	  
Cashman	   2006).	   TMA	   is	   principally	   produced	   from	   the	   microbial	   breakdown	   of	  
dietary	  choline	  (al-­‐Waiz,	  Mikov	  et	  al.	  1992;	  Wang,	  Klipfell	  et	  al.	  2011);	  various	  strains	  
of	  oral	  and	  intestinal	  bacteria	  have	  been	  shown	  to	  metabolise	  choline	  to	  TMA	  (Dyer	  
and	   Wood	   1947;	   Chao	   and	   Zeisel	   1990),	   and	   the	   significance	   of	   the	   intestinal	  
microbiota	   for	   the	   production	   of	   this	   metabolite	   has	   been	   demonstrated	   by	   its	  
marked	  reduction	  following	  sterilization	  of	  the	  intestine	  using	  antibiotics	  (de	  la	  and	  
Popper	  1951;	  Asatoor	  and	  Simeshoff	  1965)	  and	  in	  germ-­‐free	  animals	  (Prentiss,	  Rosen	  
et	  al.	  1961).	  Additionally,	  TMA	  can	  be	  further	  demethylated	  by	  bacteria	  to	  produce	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   241	  
	  
DMA,	  as	  demonstrated	  by	  higher	  DMA	  excretion	  in	  conventional	  compared	  to	  germ-­‐
free	  rats	  (Smith,	  Wishnok	  et	  al.	  1994),	  although	  evidence	  also	  exists	  in	  support	  of	  an	  
endogenous	  pathway	  for	  DMA	  formation	  (Zeisel,	  DaCosta	  et	  al.	  1985).	  Additionally,	  
the	  link	  between	  alterations	  in	  the	  intestinal	  microbiota	  and	  excretion	  of	  TMAO	  was	  
demonstrated	  by	  the	  use	  of	  probiotics,	  where	  certain	  probiotics	  have	  been	  shown	  to	  
reduce	   or	   increase	   TMAO	   production	   (Martin,	   Wang	   et	   al.	   2008).	   Thus,	   the	  
difference	   in	  TMAO	  concentration	  observed	  between	  the	  obese	  and	   lean	  rat	  tissue	  
extracts	   could	   reflect	   compositional	   or	   functional	   differences	   in	   the	   intestinal	  
microbiota.	  
	  
In	  addition	  to	  its	  association	  with	  endogenous	  choline	  metabolism	  and	  the	  intestinal	  
microbiota,	   TMAO	   serves	   a	   biological	   role	   as	   an	   osmolyte,	   acting	   to	   regulate	   cell	  
volume	   and	   fluid	   balance	   under	   osmotic	   stress	   (Yancey	   2001;	   Zou,	   Bennion	   et	   al.	  
2002).	   Other	   osmoprotectant	   species	   include	   betaine,	   myo-­‐inositol,	   taurine	   and	  
choline	   (Burg	   1995;	   Craig	   2004),	   all	   of	  which	  were	   observed	   to	   be	   lower	   in	   obese	  
Zucker	  rat	  kidney	  extracts	  compared	  to	  the	  lean	  controls.	  The	  mechanism	  underlying	  
this	  observation	  is	  unclear;	  increased	  concentrations	  of	  osmoprotectant	  metabolites	  
in	  kidney	  tissue	  have	  been	  observed	  following	  kidney	  damage	  (Liao,	  Wei	  et	  al.	  2009).	  
However,	  renal	  papillary	  necrosis	  has	  been	  associated	  with	  reduced	  concentrations	  
of	  renal	  betaine	  and	  myo-­‐inositol	  concurrently	  with	  increased	  renal	  TMAO	  (Garrod,	  
Humpher	   et	   al.	   2001;	   Serkova,	   Klawitter	   et	   al.	   2003).	   Nevertheless,	   as	   these	  
osmolytes	   were	   shown	   to	   be	   higher	   in	   the	   lean	   animals,	   it	   seems	   unlikely	   kidney	  
tissue	  trauma	   is	   responsible	   for	  modulations	   in	   these	  metabolites.	   Interestingly,	  an	  
association	   between	   altered	   osmolytes	   and	   the	   intestinal	   microbiome	   has	   been	  
observed	  in	  germ-­‐free	  mice	  previously	  (Claus,	  Tsang	  et	  al.	  2008),	  which	  may,	  again,	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6.6.3	   Altered	  energy	  homeostasis	  and	  glucose	  metabolism	  in	  the	  obese	  
Zucker	  rat	  	  
	  
Several	  of	  the	  phenotypic	  metabolite	  differences	  were	  indicative	  of	  altered	  glucose	  
catabolism	   and	   storage	   in	   the	   obese	   Zucker	   rat.	   The	  modest	   difference	   in	   hepatic	  
glucose	   between	   the	   obese	   and	   lean	   strains	   probably	   reflects	   the	   development	   of	  
insulin	   resistance	   in	   the	   obese	   Zucker	   rats,	   as	   increased	   intrahepatic	   glucose	   has	  
been	   previously	   noted	   in	   a	   high-­‐fat	   feeding-­‐induced	   model	   of	   insulin	   resistance	  
(Kleemann,	   van	   Erk	   et	   al.	   2010);	   however	   obese	   Zucker	   hepatocytes	   have	   been	  
shown	  to	  be	  less	  glucogenic	  compared	  to	  lean	  controls	  (McCune,	  Durant	  et	  al.	  1981),	  
which	   may	   account	   for	   the	   lack	   of	   observed	   variation	   in	   hepatic	   glucose	  
concentration	  between	  the	  lean	  and	  obese	  phenotypes.	  
	  
Additionally,	   hepatic	   alanine	   was	   observed	   to	   be	   significantly	   higher	   in	   the	   obese	  
rats,	  compared	  to	  the	  lean,	  while	  lactate	  was	  significantly	  higher	  in	  all	  three	  tissues	  
analysed.	   These	   findings	   are	   consistent	   with	   previous	   analyses	   of	   obese	   Zucker	  
aqueous	   liver	   extracts	   (Serkova,	   Jackman	   et	   al.	   2006;	   Zhao,	   Zhang	   et	   al.	   2011),	   an	  
investigation	  of	  hepatic	  metabolism	  in	  a	  hyperlipidemic	  hamster	  model	  (Sun,	  Lian	  et	  
al.	   2012),	   and	   serum	   analysis	   of	   obese	   individuals	   (Newgard,	   An	   et	   al.	   2009)	   and	  
patients	  with	  NAFLD	  (Kalhan,	  Guo	  et	  al.	  2011).	  These	  metabolic	  differences	  indicate	  
an	   increased	   rate	  of	   glycolysis	   in	   the	  obese	   Zucker	   rat	   (Felig	   and	  Wahren	  1971),	   a	  
finding	  supported	  by	  a	  previous	  analysis	  of	  Zucker	  rat	  hepatocytes	  (McCune,	  Durant	  
et	  al.	  1981).	  Additionally,	  adipocytes	  are	  known	  to	  be	  a	  significant	  source	  of	  lactate	  
release	   (Jansson,	  Larsson	  et	  al.	  1994),	  and	  therefore	  the	  higher	  amount	  of	  adipose	  
tissue	  in	  the	  obese	  rats	  may	  have	  contributed	  to	  the	  higher	  tissue	  lactate	  observed.	  
Further	  to	  the	  evidence	  supporting	  altered	  glucose	  metabolism	  in	  the	  obese	  Zucker	  
rat,	   the	   observed	   higher	   hepatic	   glycogen	   seen	   in	   the	   obese	   rats	   is	   suggestive	   of	  
increased	   glycogenesis,	   a	   finding	   supported	   by	   previous	   analysis	   of	   obese	   Zucker	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6.6.4	   Disrupted	  amino	  acid	  metabolism	  in	  obesity	  
	  
Elevated	  concentrations	  of	  the	  BCAAs	  leucine,	  isoleucine	  and	  valine	  were	  seen	  in	  all	  
the	  tissues	  analysed,	  compared	  to	  the	  lean	  animals,	  in	  addition	  to	  the	  raised	  BCAAs	  
observed	   in	   the	   plasma	   of	   the	   obese	   animals	   of	   this	   study.	   Higher	   blood	  
concentrations	  of	  BCAAs	  have	  long	  been	  associated	  with	  the	  progression	  of	  obesity	  
(Felig,	   Marliss	   et	   al.	   1969;	   Felig,	   Marliss	   et	   al.	   1970;	   Caballero,	   Finer	   et	   al.	   1988;	  
Rafecas,	  Esteve	  et	  al.	  1991;	  Wijekoon,	  Skinner	  et	  al.	  2004;	  She,	  Van	  Horn	  et	  al.	  2007;	  
Adams	   2011)	   and	   steatohepatitis	   (Kalhan,	   Guo	   et	   al.	   2011).	   Additionally,	   elevated	  
concentrations	  of	  serum	  and	  hepatic	  BCAAs	  were	  seen	  in	  obesity-­‐prone	  compared	  to	  
obesity-­‐resistant	  rats	  (Li,	  Xie	  et	  al.	  2008).	  It	  has	  been	  speculated	  that	  the	  underlying	  
mechanisms	   for	   this	   observation	   are	   due	   to	   a	   variety	   of	   factors,	   including:	   the	  
greater	  caloric	  consumption	  of	  obese	  individuals;	  increased	  protein	  catabolism;	  and	  
alterations	  in	  BCAA	  metabolism	  (She,	  Van	  Horn	  et	  al.	  2007).	  Additionally,	   increased	  
blood	  BCAA	  concentrations	  have	  been	  associated	  with	  the	  development	  of	  obesity-­‐
associated	   insulin	   resistance	   (Newgard,	  An	  et	  al.	  2009;	  Tai,	  Tan	  et	  al.	  2010;	  Adeva,	  
Calvino	  et	  al.	  2011).	  
	  
Phenylalanine	  was	  observed	   to	  be	  higher	   in	   the	  obese	  kidney	  and	  pancreas	   tissue,	  
relative	  to	  the	  lean	  animals.	  As	  with	  BCAAs,	  elevated	  serum	  phenylalanine	  has	  been	  
associated	   with	   obesity	   (Rabinowitz	   1970),	   with	   a	   study	   demonstrating	   a	   direct	  
correlation	  with	  serum	  phenylalanine	  and	  serum	  insulin	  (Felig,	  Marliss	  et	  al.	  1969).	  It	  
has	   been	   postulated	   that	   the	   relationship	   between	   elevated	   serum	   phenylalanine	  
and	   obesity	   is	   related	   to	   liver	   dysfunction,	   with	   a	   positive	   correlation	   between	  
reductions	  in	  serum	  phenylalanine	  and	  alanine	  transaminase	  (ALT)	  concentrations	  in	  
obese	  patients	  following	  bariatric	  surgery	  (Swierczynski,	  Sledzinski	  et	  al.	  2009).	  The	  
authors	   speculated	   that	   steatosis	   in	   obese	   patients	   contributes	   to	   reduced	  
phenylalanine	   metabolism,	   leading	   to	   a	   rise	   in	   serum	   phenylalanine.	   Whilst	   this	  
mechanism	   may	   contribute	   to	   the	   results	   seen	   here,	   it	   is	   unclear	   as	   to	   why	  
specifically	   the	   obese	   kidney	   and	   pancreas	   tissues	   showed	   elevated	   levels	   of	   this	  
amino	  acid.	  Phenylalanine	  metabolism	  is	  largely	  associated	  with	  the	  liver,	  but	  minor	  
activity	   of	   phenylalanine	   hydroxylase	   (PAH),	   which	   catalyses	   the	   conversion	   of	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phenylalanine	  to	  tyrosine,	  has	  been	  shown	  in	  rat	  kidney	  (Richardson,	  Aspbury	  et	  al.	  
1993),	   and	   there	   is	   also	   evidence	   for	   the	   contribution	   of	   the	   pancreas	   in	  
phenyalanine	  metabolism	  (Tourian,	  Goddard	  et	  al.	  1969;	  Lichter-­‐Konecki,	  Hipke	  et	  al.	  
1999).	  Thus,	   the	  results	  here	  could	  reflect	  a	  reduction	   in	  PAH	  activity,	  or	   increased	  
uptake	  of	  serum	  phenylalanine	  in	  the	  kidney	  and	  pancreas	  of	  the	  obese	  rats.	  
	  
6.6.5	   Metabolic	  syndrome	  and	  altered	  taurine	  metabolism	  	  
	  
The	  finding	  of	   increased	  hepatic	  taurine	  and	  hypotaurine	  in	  the	  obese	  Zucker	  rat	   is	  
interesting	  when	  considering	   the	  age-­‐related	   trend	   in	  excretion	  of	   taurine	   in	   these	  
animals.	  Obese	  Zucker	  rats	  show	  a	  pattern	  of	  elevated	  taurine	  excretion,	  compared	  
to	   lean	  animals,	   followed	  by	  a	  decline	  at	  approximately	  ten	  weeks	  of	  age,	  with	  the	  
amino	  acid	  observed	  to	  be	  absent	   in	  the	  urine	  at	  approximately	  eighteen	  weeks	  of	  
age,	  coinciding	  with	  the	  presence	  of	  glucose	  in	  the	  urine	  (Williams,	  Lenz	  et	  al.	  2006).	  
	  
The	  relevance	  of	  altered	  taurine	  metabolism	  in	  the	  obese	  Zucker	  rat	  may	   lie	   in	  the	  
metabolite’s	   association	   with	   diabetes,	   glucose	   control	   and	   insulin	   sensitivity	  
(Nakaya,	  Minami	  et	  al.	  2000;	  Hansen	  2001;	  Franconi,	  Di	  Leo	  et	  al.	  2004),	  and	  also	  its	  
role	  in	  cholesterol	  metabolism	  (Nakaya,	  Minami	  et	  al.	  2000;	  Yang,	  Tzang	  et	  al.	  2010)	  
and	  obesity-­‐associated	  fatty	  liver	  disease	  (Gentile,	  Nivala	  et	  al.	  2011).	  
	  
Low	  plasma	  taurine	  has	  been	  observed	  in	  diabetic	  patients	  (Franconi,	  Bennardini	  et	  
al.	  1995;	  De	  Luca,	  Calpona	  et	  al.	  2001)	  and	  streptozocin-­‐induced	  animal	  models	  of	  
diabetes	   (Jensen-­‐Waern,	   Andersson	   et	   al.	   2009),	   and	   taurine	   supplementation	   has	  
been	   shown	   to	   reduce	   hyperglycaemia	   and	   normalise	   insulin	   levels	   in	   an	   animal	  
model	  of	  diabetes	  (Hisashi,	  Yukio	  et	  al.	  1979;	  Tas,	  Sarandol	  et	  al.	  2007).	  Despite	  the	  
long	   association	   of	   taurine	   and	   glucose	   control	   in	   the	   literature	   (Ackerman	   and	  
Heinsen	   1935)	   the	   exact	   mechanism	   underlying	   the	   relationship	   is	   unclear.	  
Interestingly,	   the	   pathway	   of	   taurine	   synthesis	   involves	   the	   SAM	   and	   methionine	  
metabolism	  pathways;	  homocysteine	   is	  converted	  to	  cysteine,	  which	   is	  a	  precursor	  
for	   formation	  of	   hypotaurine	   and	   taurine	   (Spaeth,	   Schneider	   et	   al.	   1974;	  Huxtable	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1992).	   Thus,	   it	   is	   possible	   that	   the	   disturbance	   in	   hepatic	   SAM	  metabolism	   in	   the	  
obese	  Zucker	  rat	  contributed	  to	  the	  altered	  hepatic	  taurine	  concentrations	  observed.	  
	  
Taurine	  also	  performs	  a	  key	  biological	   role	   in	   cholesterol	  excretion,	  as	   conjugation	  
with	  cholic	  acid	  forms	  the	  bile	  acid	  taurocholic	  acid	  (Spaeth,	  Schneider	  et	  al.	  1974).	  
Indeed,	   taurine	   supplementation	   has	   been	   observed	   to	   reduce	   serum	   cholesterol	  
and	   triglycerol	   in	   animal	   models	   of	   T2DM	   (Kamata,	   Sugiura	   et	   al.	   1996;	   Nakaya,	  
Minami	   et	   al.	   2000),	   NAFLD	   (Gentile,	   Nivala	   et	   al.	   2011),	   and	   diet-­‐induced	  
hypercholesterolemia	  (Murakami,	  Kondo-­‐Ohta	  et	  al.	  1999).	  
	  
While	  it	  is	  clear	  that	  taurine	  can	  be	  seen	  as	  a	  significant	  biomarker	  in	  the	  context	  of	  
the	   obese	   Zucker	   rat,	   the	   exact	   mechanism	   behind	   increased	   hepatic	   taurine,	   as	  
observed	  here,	  is	  not	  known.	  Additionally,	  judging	  from	  previous	  studies	  which	  have	  
seen	  a	  decline	   in	   the	  excretion	  of	   taurine	  at	   approximately	  eighteen	  weeks	  of	   age	  
(Williams,	   Lenz	   et	  al.	   2006),	   it	   is	  possible	   that	   the	   full	   extent	  of	   the	  disturbance	   in	  
taurine	  metabolism	  had	  not	  manifested	  in	  the	  fourteen-­‐week	  old	  Zucker	  rats	  studied	  
here.	  
	  
6.6.6	   Phenotypic	  differences	  in	  creatine	  metabolism	  
	  
The	   differences	   in	   creatine	   and	   glycine	   concentrations	   between	   the	   tissues	   of	   the	  
obese	   and	   lean	   rats	   may	   reflect	   differences	   in	   hepatic	   function	   and	  
methionine/homocysteine	   metabolism,	   or	   differences	   in	   muscle	   tissue	   mass	  
between	  the	  phenotypes.	  	  
	  
Creatine	   was	   observed	   to	   be	   moderately	   lower	   in	   the	   liver	   and	   kidney,	   and	  
significantly	  lower	  in	  the	  pancreas	  of	  the	  obese	  animal	  samples.	  In	  addition,	  glycine	  
was	   found	   to	   be	   significantly	   lower	   in	   the	   kidney	   and	   pancreas	   of	   the	   obese	   rats,	  
compared	  to	  the	  lean	  animals.	  Creatine	  is	  formed	  via	  two	  reactions;	  the	  first	  largely	  
takes	   place	   in	   the	   kidney	   and	   pancreas,	   and	   the	   latter	   predominantly	   in	   the	   liver,	  
with	  moderate	  involvement	  of	  the	  pancreas	  also	  (Van	  Pilsum,	  Stephens	  et	  al.	  1972;	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Brosnan,	  Wijekoon	  et	  al.	  2009)	  (figure	  87).	  It	  is	  still	  unknown	  as	  to	  exactly	  how	  much	  
each	   tissue	   contributes	   to	   creatine	   formation,	  with	   significant	  questions	   remaining	  
regarding	   the	   involvement	   of	   the	   pancreas	   in	   particular	   (Brosnan,	  Wijekoon	   et	   al.	  
2009).	   This	   complicates	   interpretation	   of	   the	   observation	   of	   significantly	   lower	  
pancreas	  creatine	  in	  the	  obese	  rats.	  
	  
Decreased	   hepatic	   creatine	   was	   previously	   observed	   in	   obese	   Zucker	   rats	   (Zhao,	  
Zhang	  et	  al.	  2011),	  and	  the	  authors	  speculated	  that	  a	  generalised	  decline	  in	  hepatic	  
function	  could	  be	  responsible.	  The	  altered	  choline,	  methionine	  and	  SAM	  metabolism	  
in	   the	   obese	   Zucker	   rat,	   as	   already	   discussed	   with	   reference	   to	   the	   observed	  
phenotypic	   differences	   in	   hepatic	   betaine	   and	   phopshocholine,	   may	   have	   also	  
contributed	   to	   the	   phenotypic	   variation	   in	   creatine	   concentrations.	   The	   enzyme	  
guanidinoacetate	   methyltransferase	   (GAMT)	   requires	   SAM	   in	   order	   to	   methylate	  
guanidinoacetate	  to	  produce	  creatine	  and	  S-­‐adenosylhomocysteine	  (SAH)	  in	  the	  liver	  
and	  pancreas	  (Wyss	  and	  Kaddurah-­‐Daouk	  2000)	  (figure	  87),	  and	  thus	  disturbances	  in	  
SAM	  pathways	   in	   the	   obese	   Zucker	  may	   have	   contributed	   to	   both	   the	   phenotypic	  
differences	  in	  betaine	  and	  also	  creatine	  observed.	  	  
	  
	  
Figure	  87:	  Schematic	  of	  creatine	  metabolism.	  Abbreviations:	  AGAT,	  arginine:glycine	  amidinotransferase;	  BHMT,	  
betaine-­‐homocysteine-­‐methyltransferase;	   CK,	   creatine	   kinase;	   DMG,	   dimethylglycine;	   GAMT,	   guanidinoacetate	  
methyltransferase.	  *compared	  to	  lean	  animal	  samples.	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Finally,	  as	  creatine	   is	  primarily	  used	  as	  a	   source	  of	  energy	   in	  muscle,	   the	  observed	  
lower	  concentrations	  of	  creatine	  and	  glycine	  in	  obese	  tissues	  could	  simply	  reflect	  a	  
reduced	  demand	  for	  energy	  in	  skeletal	  muscle,	  as	  the	  obese	  animals	  will	  have	  had	  a	  
reduced	  muscle	  mass,	   due	   to	   reduced	   physical	   activity	   (Stern	   and	   Johnson	   1977),	  
compared	   to	   the	   lean	   animals.	   Creatine	   and	   creatine	   phosphate	   function	   as	   an	  
ATP/ADP	   ratio	   buffer	   in	   tissues	   with	   high	   and	   variable	   energy	   usage	   (e.g.	   skeletal	  
muscle)	  via	  the	  enzyme	  creatine	  kinase	  (Bessman	  and	  Geiger	  1981).	  Elevated	  urinary	  
creatinine	  observed	   in	   the	   lean	  animal	   samples,	   compared	   to	   the	  obese,	   is	   further	  
evidence	   of	   the	   increased	   muscle	   tissue	   in	   the	   lean	   animals	   due	   to	   spontaneous	  
conversion	  of	  creatine	  and	  creatine	  phosphate	  to	  creatinine	  (Heymsfield,	  Arteaga	  et	  
al.	  1983;	  Welle,	  Thornton	  et	  al.	  1996;	  Wyss	  and	  Kaddurah-­‐Daouk	  2000)	  (figure	  87).	  
	  
The	  observed	  lower	  glycine	  concentrations	  in	  the	  obese	  kidney	  and	  pancreas	  may	  be	  
directly	   related	   to	   the	   altered	   creatine	  metabolism	   in	   the	   obese	   rat,	   as	   glycine	   is	  
involved	   in	   the	   first	   reaction	  of	   creatine	  metabolism,	  with	   the	   amino	   acids	   glycine	  
and	   arginine	   converted	   by	   arginine:glycine	   amidinotransferase	   (AGAT)	   to	   form	  
orthinine	  and	  guanidinoacetate	  (Walker	  1979)	  (figure	  87).	  	  
	  
6.6.7	   Impact	  of	  the	  cage	  microenvironment	  on	  tissue	  metabolite	  profiles	  
	  
The	   influence	   of	   the	   cage	   microenvironment	   on	   the	   liver,	   kidney	   and	   pancreas	  
metabolite	  profiles	  was	  investigated	  using	  PCA,	  as	  the	  cage	  environment	  was	  shown	  
to	   affect	   the	   composition	   of	   the	   intestinal	  microbiota	   of	   the	   rats	   in	   this	   study	   (as	  
discussed	   in	   the	   previous	   chapter	   dedicated	   to	   bacterial	   profiling	   of	   the	   faecal	  
microbiota	   via	   pyrosequencing).	   Additionally,	   the	   cage	   microenvironment	   has	  
previously	  been	  shown	  to	  impact	  both	  fluorescence	  in	  situ	  hybridization	  analysis	  of	  
the	  microbiota,	  and	  1H	  NMR	  analysis	  of	  urine	  metabolite	  profiles	  (Swann,	  Tuohy	  et	  
al.	  2011).	  	  
	  
Cage-­‐associated	  variation	  was	  apparent	  to	  a	  small	  degree	  in	  the	  analysis	  of	  liver	  and	  
kidney	   extracts,	   with	   the	   most	   significant	   cage-­‐related	   trend	   observed	   for	   kidney	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extract	   samples	   from	   animals	   housed	   in	   cage	   six,	   as	   evidenced	   by	   higher	   relative	  
concentrations	  of	   choline,	   compared	   to	   the	  other	   cages.	  Nevertheless,	   as	  with	   the	  
analysis	   of	   the	   urine	   metabolite	   profile	   data,	   the	   phenotypic-­‐associated	   variation	  
dominated	  the	  PCA	  models	  and	  made	  cage-­‐associated	  trends	  difficult	  to	  discern.	  
	  
6.7	   Conclusions	  
	  
The	   dyslipidaemia	   characterised	   by	   the	   Zucker	   rat,	   and	   phenotypic	   variation	   in	  
muscle	  mass,	  were	  particularly	  significant	  in	  defining	  the	  liver,	  kidney	  and	  pancreas	  
tissue	  1H	  NMR	  metabolite	  profiles,	  with	  phenotypic	  differences	  in	  SAM,	  choline,	  and	  
creatine	   metabolism	   manifested	   by	   the	   observed	   differences	   in	   phosphocholine,	  
betaine,	   taurine,	  O-­‐acteyl-­‐glycoproteins	   and	   creatine	   between	   the	   obese	   and	   lean	  
strains.	   Additionally,	   the	   possibility	   of	   phenotypic	   variation	   in	   the	   functional	  
relationship	   between	   the	   host	   and	   intestinal	   microbiome	   was	   evidenced	   by	   the	  
differences	   in	   acetate	   and	   TMAO	   concentrations	   observed.	   These	   results	   establish	  
that	   metabonomics	   is	   a	   useful	   tool	   for	   understanding	   the	   obesity-­‐associated	  
alterations	   in	   both	   endogenous	   metabolism	   and	   functional	   differences	   in	   host-­‐
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7.	   Final	  discussion	  and	  concluding	  remarks	  
	  
7.1	   Summary	  of	  findings	  
	  
7.1.1	   Impact	  of	  age	  and	  maturation	  on	  host	  metabolism	  and	  faecal	  bacteria	  
profiles	  
	  	  
The	   1H	   NMR	   analyses	   of	   urine	   and	   faecal	   water	   extract	   samples,	   and	   the	  
pyrosequencing-­‐based	   bacterial	   profiling	   of	   the	   faecal	   samples,	   demonstrated	  
evidence	  of	  significant	  changes	  in	  metabolism	  and	  intestinal	  microbiota	  composition	  
relating	  to	  age	  and	  maturation	  in	  the	  Zucker	  rat	  from	  five	  to	  fourteen	  weeks	  of	  age.	  
In	  both	  the	  1H	  NMR-­‐based	  analysis	  of	  the	  faecal	  samples	  and	  the	  bacterial	  profiling	  
of	  the	  faecal	  samples,	  the	  age	  of	  the	  animal	  at	  sample	  collection	  was	  the	  strongest	  
source	   of	   variation	   in	   the	   datasets	   when	   all	   the	   samples	   were	   analysed	   together.	  
Additionally,	  when	  all	  of	  the	  1H	  NMR	  urinary	  spectral	  data	  were	  modelled	  using	  PCA,	  
in	   the	   score	   plot	   of	   the	   PCA	   model,	   the	   age	   of	   the	   rat	   at	   sample	   collection	   was	  
described	  by	  the	  first	  principal	  component,	  with	  phenotype	  described	  by	  the	  second	  
component,	   thus	   indicating	   that	   age	   of	   sample	   collection	  was	   the	  most	   significant	  
source	  of	  variation	  in	  the	  urinary	  dataset.	  
	  
Comparison	  of	   the	  age-­‐related	  trends	   in	   the	  relative	  concentrations	  of	  metabolites	  
detected	  in	  the	  1H	  NMR	  analysis	  of	  the	  urine	  and	  faecal	  extract	  samples	  is	  hindered	  
by	   the	   difference	   in	   phenotype-­‐associated	   variation	   in	   these	   two	   datasets.	   In	   the	  
analysis	   of	   the	   urinary	   spectral	   data,	   an	   age-­‐related	   trend	   was	   clearly	   observed,	  
however,	   the	  metabolic	  age-­‐related	   trajectories	  were	  different	  between	   the	  obese	  
and	  lean	  rats.	  In	  the	  faecal	  spectral	  data	  there	  was	  no	  distinct	  phenotypic	  variation	  in	  
the	   age-­‐related	   changes	   in	  metabolite	   concentration.	  Nevertheless,	   it	   is	   likely	   that	  
the	  age-­‐related	  reduction	  in	  TCA	  cycle	  intermediates,	  excreted	  by	  both	  the	  lean	  and	  
obese	  rats,	  reflected	  variation	  in	  energy	  demands	  and	  chow	  consumption	  as	  the	  rats	  
grew	  and	  matured.	  This	  variation	  was	  also	  reflected	  in	  the	  age-­‐associated	  variation	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in	   the	   faecal	   metabolite	   profiles,	   with	   an	   age-­‐related	   reduction	   in	   the	   relative	  
concentrations	  of	   faecal	  BCAAs	   (leucine,	   isoleucine	  and	  valine),	  other	  aliphatic	  and	  
aromatic	   amino	   acids,	   lactate	   and	   the	   SCFA	   n-­‐butyrate.	   As	   these	   metabolites	   are	  
produced	   by	   a	   combination	   of	   host	   and	   microbial	   metabolism,	   the	   age-­‐related	  
variation	   in	   their	   concentrations	   may	   represent	   variation	   in:	   substrate	   (chow	  
consumption);	  the	  activities	  of	  the	  intestinal	  microbiota,	  or	  species	  composition;	  or	  
host	  absorption	  from	  the	  gut,	  as	  the	  animals	  matured.	  
	  
As	   well	   as	   changes	   in	   energy	   supply	   and	   demand	   as	   the	   rats	   grew	   and	  matured,	  
certain	   age-­‐related	   trends	   observed	   in	   the	   datasets	   most	   likely	   relate	   to	   the	  
evolution	  of	  a	  stable	  climax	  gut	  microbial	  community,	  a	  trend	  which	  will	  have	  been	  
intrinsically	  related	  to	  the	  increase	  in	  chow	  consumption	  as	  the	  rats	  aged.	  This	  was	  
most	  clearly	  demonstrated	   in	   the	  bacterial	  profiles	  of	   the	  rats,	  with	  an	  age-­‐related	  
reduction	  in	  the	  Firmicutes:Bacteroidetes	  ratio	  at	  the	  phylum	  level,	  and	  a	  reduction	  
in	   the	   relative	   abundance	   of	   Bacteroidaceae	   and	   Peptostreptococcaceae,	   and	  
increase	   in	   Ruminococcaceae	   at	   the	   family	   level.	   Additionally,	   the	   age-­‐associated	  
reduction	  in	  the	  relative	  urinary	  concentrations	  of	  the	  host-­‐microbial	  co-­‐metabolite	  
hippurate,	   and	   the	   observed	   age-­‐related	   variation	   in	   faecal	   metabolites	   of	   host-­‐
microbial	  origin	   (SCFAs,	  amino	  acids	  and	   lactate),	   seen	   in	  both	   the	   lean	  and	  obese	  
rats,	  likely	  reflects	  the	  age-­‐related	  changes	  in	  the	  faecal	  bacterial	  profiles	  observed,	  
or	   variation	   in	   host-­‐microbial	   functional	   interaction,	   as	   the	   rats	   matured	   and	   the	  
intestinal	  microbiota	  evolved.	  	  
	  
7.1.2	   Impact	  of	  genotype	  and	  phenotype	  on	  host	  metabolism	  and	  faecal	  
bacteria	  profiles	  
	  
Phenotypic	  variation	  was	  clearly	  apparent	  in	  the	  multivariate	  statistical	  modelling	  of	  
the	  urine,	  plasma	  and	  tissue	  1H	  NMR	  metabolite	  profiles.	  Phenotype	  was	  the	  largest	  
source	  of	  variance	   in	   the	  plasma	  and	  tissue	  analyses,	  and	  the	  second	   largest	   (after	  
age	  at	  which	  the	  sample	  was	  collected)	  in	  the	  analysis	  of	  the	  urine,	  with	  the	  urinary	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metabolite	   profiles	   of	   the	   homozygous	   obese	   and	   lean	   animals	   distinguishable	   at	  
every	  sample	  time	  point.	  
	  
No	   clear	   genotype-­‐based	   differences	   were	   observed	   in	   the	   analyses	   of	   the	   lean	  
Zucker	  rat	  samples,	   indicating	  that	  the	  metabolite	  and	  bacterial	  profiles	  of	  the	  two	  
lean	  strains	  of	  the	  Zucker	  rat	  were	  very	  similar.	  
	  
Phenotypic	  and	  genotypic	  variation	  was	  not	  observed	  in	  the	  analysis	  of	  the	  bacterial	  
profiles,	   and	  was	  only	   observed	   at	  week	   five	   in	   the	   1H	  NMR	  analysis	   of	   the	   faecal	  
water	  extracts,	  with	  glucose	  elevated	  in	  the	  obese	  samples,	  compared	  to	  the	  lean.	  
	  
7.1.2.1	   Altered	  energy	  homeostasis	  and	  glucose	  metabolism	  in	  the	  
obese	  Zucker	  rat	  
	  
The	  obese	  Zucker	  rats	  in	  this	  study	  will	  have	  differed	  to	  the	  lean	  rats	  in	  terms	  of	  their	  
energy	  consumption,	  energy	  metabolism,	  and	  potentially	  their	  energy	  expenditure.	  
These	  phenotypic	  differences	  were	  manifested	  in	  the	  metabolite	  profiles	  generated	  
from	  1H	  NMR	  analysis	  of	  the	  urine,	  plasma,	  faecal	  extracts	  and	  tissues.	  
	  
The	   urine	   metabolite	   profiles	   from	   the	   obese	   rats	   contained	   higher	   relative	  
concentrations	  of	  the	  TCA	  cycle	  intermediates	  2-­‐oxoglutarate	  and	  citrate,	  indicating	  
potentially	  altered	  energy	  metabolism	  in	  the	  obese	  rats.	  Further	  to	  this,	  the	  plasma	  
metabolite	   profiles	   of	   the	   obese	   rats	   were	   observed	   to	   have	   higher	   relative	  
concentrations	   of	   acetoacetate	   and	   increased	   relative	   concentrations	   of	   acetate	  
were	  observed	  in	  obese	  kidney	  and	  pancreas	  samples,	  compared	  to	  the	  lean.	  Raised	  
plasma	  acetoacetate	  is	  suggestive	  of	  altered	  fatty	  acid	  metabolism,	  and	  is	  potentially	  
indicative	  of	  hyperinsulinaemia	  and	  the	  progression	  towards	  dysregulation	  of	  blood	  
glucose	  in	  the	  obese	  rats.	  Additionally,	  elevated	  acetate	  in	  the	  kidney	  and	  pancreas	  
samples	  may	  reflect	  altered	  lipogenesis	  in	  the	  obese	  Zucker	  rat.	  
	  
The	   branched-­‐chain	   amino	   acids	   (BCAAs)	   leucine,	   isoleucine,	   and	   valine	   were	  
observed	   at	   a	   higher	   relative	   concentration	   in	   the	   obese	   plasma,	   and	   kidney	   and	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pancreas	   samples,	   compared	   to	   the	   lean	  animals.	  Raised	  concentrations	  of	  plasma	  
BCAAs	  have	  long	  been	  associated	  with	  the	  progression	  of	  obesity	  (Felig,	  Marliss	  et	  al.	  
1969;	   Felig,	  Marliss	   et	   al.	   1970;	   Caballero,	   Finer	   et	   al.	   1988;	   Rafecas,	   Esteve	   et	   al.	  
1991;	  Wijekoon,	   Skinner	   et	   al.	   2004;	   She,	  Van	  Horn	   et	   al.	   2007;	  Adams	  2011)	   and	  
also	  insulin	  resistance	  (Newgard,	  An	  et	  al.	  2009;	  Tai,	  Tan	  et	  al.	  2010;	  Adeva,	  Calvino	  
et	  al.	  2011).	  The	  mechanisms	  underlying	  this	  association	  are	  not	  fully	  elucidated	  but	  
may	  include:	  the	  greater	  caloric	  consumption	  of	  obese	  individuals,	  increased	  protein	  
catabolism,	  and	  alterations	  in	  BCAA	  metabolism	  (She,	  Van	  Horn	  et	  al.	  2007).	  
	  
Phenotypic	   differentiation	   in	   the	   1H	   NMR	   faecal	   extract	   spectral	   data	   was	   only	  
apparent	  when	  the	  animals	  were	  five	  weeks	  old,	  with	  glucose	  observed	  to	  be	  slightly	  
higher	   in	   the	  obese	   samples,	   compared	   to	   the	   lean,	  potentially	   reflecting	  elevated	  
chow	   consumption	   in	   the	   obese	   animals.	   Further	   evidence	   of	   altered	   glucose	  
metabolism	  in	  the	  obese	  Zucker	  rat	  was	  demonstrated	  by	  the	  observation	  of	  raised	  
relative	   concentrations	   of	   hepatic,	   renal	   and	   pancreatic	   lactate	   and	   alanine,	   and	  
elevated	  hepatic	  glycogen	  and	  glucose.	  These	  trends	  are	   indicative	  of	  an	   increased	  
rate	   of	   glycolysis	   and	   increased	   glycogenesis,	   and	   further	   demonstrate	   the	   altered	  
glucose	  metabolism	  seen	  in	  the	  obese	  Zucker	  rat.	  
	  
Collectively,	  these	  metabolic	  trends,	  observed	  in	  the	  obese	  animals,	  are	  indicative	  of	  
dysregulated	   blood	   glucose	   control,	   lipogenesis,	   fatty	   acid	   oxidation,	   and	   energy	  
metabolism,	  and	  are	  a	  reflection	  of	  the	  increased	  chow	  consumption,	  altered	  energy	  
metabolism,	  and	  development	  of	  obesity,	  hyperinsulinaemia	  and	   insulin	  resistance,	  
in	  the	  obese	  Zucker	  rat.	  
	  
7.1.2.2	   Taurine	  metabolism	  and	  the	  development	  of	  diabetes	  in	  the	  
obese	  Zucker	  rat	  
	  
In	   addition	   to	   the	  metabolite	   trends,	   observed	   in	   the	   obese	   1H	   NMR	   biofluid	   and	  
tissue	   profiles,	   inherently	   associated	   with	   glucose	   metabolism	   (glucose,	   glycogen,	  
lactate	   and	   alanine),	   significant	   trends	   were	   noted	   regarding	   urinary	   and	   hepatic	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taurine	  concentrations	  in	  the	  obese	  animals,	  highlighting	  the	  potential	  significance	  of	  
this	  molecule	  in	  metabolic	  syndrome	  and	  diabetes	  progression.	  
	  
The	   analysis	   of	   the	   1H	   NMR	   urinary	   metabolite	   profiles	   showed	   that	   taurine	  
excretion	  was	   initially	   higher	   in	   the	  obese	   animals	   compare	   to	   the	   lean.	  However,	  
excretion	   in	   the	   obese	   animals	   decreased	   from	   10	   to	   14	   weeks.	   Additionally,	   the	  
obese	   outlier	   animal	   from	   cage	   one,	   with	   an	   increased	   rate	   of	   phenotype	  
progression,	  was	  shown	  to	  excrete	  dramatically	  reduced	  taurine	  from	  eight	  weeks	  of	  
age,	   compared	   to	   the	   other	   obese	   animals.	   Further	   to	   this,	   the	   trend	   of	   obesity-­‐
associated	  altered	  taurine	  metabolism	  was	  reinforced	  by	  the	  observation	  of	  elevated	  
hepatic	  taurine	  and	  hypotaurine	  in	  the	  obese	  samples,	  compared	  to	  the	  lean.	  
	  
Taurine	   has	   been	   associated	   with	   diabetes,	   glucose	   control	   and	   insulin	   sensitivity	  
(Nakaya,	  Minami	   et	   al.	   2000;	  Hansen	  2001;	   Franconi,	  Di	   Leo	   et	   al.	   2004),	   and	  also	  
plays	  a	  key	  role	  in	  cholesterol	  metabolism	  (Nakaya,	  Minami	  et	  al.	  2000;	  Yang,	  Tzang	  
et	   al.	   2010)	   and	   obesity-­‐associated	   fatty	   liver	   disease	   (Gentile,	  Nivala	   et	   al.	   2011).	  
Additionally,	  previous	  analysis	  of	   Zucker	  urinary	  metabolite	  profiles	  has	   revealed	  a	  
trend	  of	  decreased	  taurine	  excretion	  from	  approximately	  ten	  weeks	  of	  age,	  with	  the	  
metabolite’s	  absence	  in	  the	  urinary	  profile	  coinciding	  with	  the	  presence	  of	  glucose	  in	  
the	  urine	  at	  approximately	  18	  weeks	  of	  age	  (Williams,	  Lenz	  et	  al.	  2006),	  indicating	  a	  
link	  between	  taurine	  and	  the	  onset	  of	  hyperglycaemia	  and	  diabetes.	  
	  
Despite	   the	   extensive	   associations	   between	   taurine	   and	   glucose	   control	   in	   the	  
literature,	   there	   is,	   as	   yet,	   no	   clear	   mechanism	   proposed	   for	   the	   metabolic	   link	  
between	   taurine	   and	   diabetes.	   Nevertheless,	   these	   results	   clearly	   demonstrate	   its	  
significance	  in	  the	  development	  of	  metabolic	  syndrome,	  especially	  when	  considering	  
the	  obese	  outlier	  animal	  with	  an	  increased	  rate	  of	  phenotype	  progression,	  and	  these	  
observations	  further	  signify	  a	  loss	  of	  blood	  glucose	  control	  and	  progression	  towards	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7.1.2.3	   Phenotypic	  differences	  in	  creatine	  and	  creatinine	  metabolism	  
	  
The	  results	  of	  the	  1H	  NMR	  analysis	  of	  urine	  and	  tissue	  samples	  showed	  evidence	  of	  
significantly	   altered	   creatine	  metabolism	   in	   the	   obese	   rats,	   with	   reduced	   hepatic,	  
renal	   and	   pancreatic	   creatine,	   and	   also	   reduced	   renal	   and	   pancreatic	   glycine	  
observed,	  compared	  to	  the	  lean	  animals.	  Additionally,	  the	  obese	  animals	  were	  found	  
to	  have	  consistently	  lower	  relative	  concentrations	  of	  urinary	  creatinine,	  compared	  to	  
the	   lean	   animals,	   from	   the	   five	   to	   fourteen	   weeks	   of	   age.	   This	   key	   phenotypic	  
difference	  was	  exemplified	  by	  the	  observation	  of	  the	  lowest	  relative	  concentrations	  
of	   urinary	   creatinine	   in	   the	   outlier	   obese	   animal	   that	   had	   an	   increased	   rate	   of	  
phenotype	  progression.	  
	  
These	   phenotypic	   differences	   may	   reflect	   differences	   in	   hepatic	   function	   and	  
methionine/homocysteine	   metabolism,	   or	   differences	   in	   muscle	   tissue	   mass	  
between	  the	  phenotypes.	   It	   seems	  most	  probable	   that	   the	  reduced	  concentrations	  
of	   creatine	   and	   glycine	   in	   obese	   tissues,	   and	   the	   lower	   urinary	   concentrations	   of	  
creatinine	   in	   the	   obese	   animals,	   reflect	   a	   reduced	   demand	   for	   energy	   in	   skeletal	  
muscle,	  as	  the	  obese	  animals	  will	  have	  had	  a	  reduced	  muscle	  mass,	  due	  to	  reduced	  
physical	  exertion	  (Stern	  and	  Johnson	  1977),	  compared	  to	  the	  lean	  animals.	  
	  
7.1.2.4	   Dyslipidaemia	  and	  altered	  choline	  metabolism	  in	  the	  obese	  
Zucker	  rat	  
	  
Obese	   Zucker	   rats	   are	   characterised	   by	   hyperlipidaemia,	   a	   feature	   that	   was	  most	  
clearly	   apparent	   in	   the	   1H	   NMR	   analysis	   of	   the	   plasma	   samples,	   with	   significantly	  
increased	   plasma	   lipoproteins	   in	   the	   obese	   samples,	   compared	   to	   the	   lean.	   In	  
addition,	  betaine	  was	  lower	  in	  all	  the	  obese	  tissues,	  and	  phosphocholine	  was	  higher	  
in	  the	  obese	  plasma	  and	  liver	  samples,	  compared	  to	  the	  lean	  animals.	  	  
	  
As	  explained	  in	  depth	  in	  the	  discussion	  section	  of	  the	  previous	  chapter	  focussed	  on	  
1H	  NMR-­‐based	   analysis	   of	   the	   Zucker	   rat	   tissues,	   these	  metabolite	   differences	   are	  
collectively	  indicative	  of	  altered	  choline	  metabolism	  in	  the	  obese	  rat,	  which	  has	  great	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significance	   for	   understanding	   the	   dyslipidaemia	   observed	   in	   the	   obese	   animals.	  
These	   findings	   underscore	   the	   theory	   that	   the	   dyslipidaemia	   and	   adiposity	  
characterised	   by	   the	   obese	   Zucker	   rat	   is	   not	   merely	   a	   result	   of	   increased	   chow	  
consumption,	   and	   that	   choline	   metabolism,	   and	   thus	   lipid	   metabolism,	   is	  
fundamentally	  altered	  in	  the	  obese	  Zucker	  rat.	  
	  
7.1.2.5	   Phenotypic	  variation	  in	  host-­‐microbial	  co-­‐metabolites	  
	  
The	  1H	  NMR	  urinary	  metabolite	  profiles	  were	  found	  to	  differ	  between	  the	  lean	  and	  
obese	   rats	   in	   terms	   of	   certain	  metabolites	   produced	   via	  microbial	  metabolism,	   or	  
host-­‐microbial	  co-­‐metabolites,	  that	  is,	  metabolites	  produced	  via	  combined	  microbial	  
and	  host	  metabolism	  (Nicholson,	  Holmes	  et	  al.	  2005;	  Holmes,	  Li	  et	  al.	  2011;	  Swann,	  
Tuohy	   et	   al.	   2011;	   Zheng,	   Xie	   et	   al.	   2011;	   Nicholson,	   Holmes	   et	   al.	   2012).	   These	  
included	   formate,	   observed	   at	   a	   higher	   relative	   concentration	   in	   the	   obese	   urine	  
samples,	  and	   indoxyl	  sulphate	  and	  phenylacetylglycine	   (PAG),	  which	  were	  excreted	  
at	   a	   lower	   relative	   concentration	   by	   the	   obese	   animals,	   compared	   to	   the	   lean	  
animals.	  
	  
In	   addition	   to	   the	   phenotypic	   differences	   in	   urinary	   host-­‐microbial	   co-­‐metabolites	  
observed,	  differences	  in	  plasma	  and	  tissue	  metabolites,	  between	  the	  obese	  and	  lean	  
animals,	   further	   indicated	   possible	   phenotypic	   differences	   in	   functional	   host-­‐
microbial	  interactions.	  These	  metabolites	  included	  TMAO	  and	  acetate,	  both	  possible	  
products	  of	  microbial	  metabolism.	  	  
	  
Acetate	  was	   increased	   in	  the	  obese	  tissues,	  and	  may	  reflect	   increased	  exogenously	  
derived	   acetate,	   due	   to	   increased	   substrate	   (chow)	   for	   intestinal	   bacterial	  
fermentation	   in	   the	   obese	   rats	   (Wolfe	   2005),	   a	   finding	   potentially	   associated	  with	  
the	  moderately	  higher	  acetate	  in	  the	  faecal	  water	  of	  these	  obese	  rats,	  compared	  to	  
the	  lean	  animals	  in	  this	  study.	  Additionally,	  the	  obese	  animals	  had	  reduced	  plasma,	  
hepatic	   and	   pancreatic	   TMAO,	   compared	   to	   the	   lean	   animals.	   As	   the	   dietary	  
composition	   was	   consistent	   between	   the	   obese	   and	   lean	   Zucker	   rats,	   phenotypic	  
differences	   in	   the	   relative	   concentrations	   of	   plasma	   and	   tissue	   TMAO,	   may	   be	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indicative	   of	   differences	   in	   the	   intestinal	   microbial	   metabolism	   of	   choline,	   the	  
oxidation	  of	  TMA	  in	  the	  liver,	  or	  generalised	  disruption	  of	  choline	  metabolism	  in	  the	  
obese	  liver	  (Griffin,	  Bonney	  et	  al.	  2004).	  
	  
These	  observations	  were	  particularly	  interesting	  in	  light	  of	  the	  results	  of	  the	  bacterial	  
profile	  analysis,	  which	  showed	  that	  there	  was	  no	  phenotypic	  variance	  in	  the	  relative	  
abundances	   of	   phyla	   or	   families	   of	   bacteria.	   Additionally,	   there	  was	   no	   significant	  
phenotypic	  variance	  in	  the	  relative	  concentrations	  of	  faecal	  metabolites,	  other	  than	  
a	  slight	  difference	   in	   faecal	  glucose	  concentration	  at	   five	  weeks	  of	  age.	  The	   lack	  of	  
phenotypic	  difference	  in	  these	  analyses	  was	  perhaps	  surprising	  given	  the	  difference	  
in	  chow	  consumption,	  and	  thus	  substrates	  for	  the	  intestinal	  microbiota,	  between	  the	  
obese	   and	   lean,	   and	   also	   the	   difference	   in	   urinary,	   plasma	   and	   tissue	  metabolites	  
associated	  with	  microbial	  metabolism.	  The	  coprophagic	  activity	  of	  the	  animals	  may	  
have	  proved	  a	  more	  dominant	  source	  of	  variation	  in	  determining	  the	  composition	  of	  
the	   faecal	   bacteria	   compared	   to	   the	   differing	   chow	   consumption,	   or	   it	   is	   possible	  
that	   bacterial	   relative	   abundance	   values	   are	   not	   as	   biologically	   meaningful	   as	  
perhaps	  anticipated,	  as	  many	  bacteria	  are	  capable	  of	  the	  same	  metabolic	  reactions.	  
	  
7.1.3	   Impact	  of	  the	  cage	  microenvironment	  on	  host	  metabolism	  and	  faecal	  
bacteria	  profiles	  	  
	  
This	   study	  was	  designed	  with	   special	   attention	  given	   to	   the	  potential	   effect	  of	   the	  
cage	   environment	   on	   host	   metabolism	   and	   faecal	   bacteria	   profiles,	   based	   on	   the	  
previous	  results	  of	  Waldram	  et	  al.	   (Waldram,	  Holmes	  et	  al.	  2009).	   	  Specifically,	   the	  
design	   aimed	   to	   test	   to	   what	   extent	   host	   genotype	   and	   the	   cage	   environment	  
affected	  the	  composition	  of	  the	   intestinal	  microbiota,	  and	  also	  the	  metabotypes	  of	  
the	  animals.	  
	  
In	   the	   1H	  NMR	  analyses	  of	   the	  urine,	  plasma	  and	   tissue	   samples,	   the	  effect	  of	   the	  
cage	   environment	   on	   the	   metabolite	   profiles	   was	   difficult	   to	   discern,	   as	   the	  
phenotypic	  and	  age-­‐related	  variation	  in	  the	  samples	  dominated	  the	  analyses.	  Slight	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cage-­‐associated	   trends	   in	   the	  concentrations	  of	  choline,	  creatine	  and	  acetate	  were	  
observed	  in	  the	  1H	  NMR	  analysis	  of	  kidney	  tissue	  extracts,	  with	  the	  highest	  relative	  
concentrations	  of	  choline	  found	  in	  samples	  from	  animals	  housed	  in	  cage	  six,	  and	  the	  
lowest	  in	  cage	  one.	  
	  
The	   1H	   NMR	   analysis	   of	   faecal	   extracts	   was	   not	   affected	   by	   phenotypic	   variation,	  
however,	   the	  effect	  of	  age	  on	  the	  metabolite	  profiles	  caused	  difficulty	   in	  assessing	  
the	   variation	   attributable	   to	   housing	   environment.	   Nevertheless,	   subtle	   cage-­‐
associated	  variation	  in	  the	  relative	  concentration	  of	  faecal	  metabolites	  could	  be	  seen	  
when	  the	  animals	  were	  approximately	  7-­‐10	  weeks	  old.	  	  
	  
In	  order	  to	  further	  explore	  the	  variation	  attributable	  to	  the	  housing	  environment	  in	  
the	  urine	  and	   faecal	   extract	   spectral	   data,	   individual	   sample	   collection	   time	  points	  
were	  selected	  and	  only	  the	  lean	  animals	  in	  each	  cage	  were	  compared.	  This	  selection	  
process	  resulted	  in	  an	  n	  of	  2	  per	  cage,	  which	  was	  not	  judged	  to	  be	  a	  robust	  basis	  for	  
analysis	   and	   interpretation	  of	   the	  potential	   effect	  of	   the	   cage	  environment	  on	   the	  
biofluid	  and	  tissue	  metabolite	  profiles.	  
	  
The	  effect	  of	  the	  cage	  microenvironment	  was	  most	  markedly	  seen	  in	  the	  analysis	  of	  
the	   faecal	   bacterial	   profiles.	   Cage-­‐associated	   trends	   in	   the	   relative	   abundances	   of	  
phyla	   and	   families	   of	   bacteria	   were	   only	   clearly	   evident	   when	   each	   of	   the	   four	  
sample	  collection	  time	  points	  were	  analysed	  separately,	  as	  the	  variation	  associated	  
with	   age	   dominated	   the	   multivariate	   statistical	   analyses.	   The	   most	   marked	   cage-­‐
associated	  differences	  were	  seen	  when	  the	  animals	  were	  aged	  five	  and	  seven	  weeks,	  
highlighting	   the	   importance	   of	   the	   microenvironment	   in	   determining	   the	  
composition	   of	   the	   intestinal	   microbiota	   through	   infancy	   and	   pre-­‐pubescence.	  
Additionally,	  the	  trend	  associated	  with	  cage	  number	  (one	  to	  six),	  at	  seven	  weeks	  of	  
age,	   was	   a	   potential	   reflection	   of	   the	   positioning	   of	   the	   cages	   within	   the	   wider	  
laboratory	  environment.	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7.1.4	   Outlier	  animal	  trends	  across	  the	  datasets	  
	  
Certain	  animals	  exhibited	  metabolite	  concentrations	  which	  were	  markedly	  different	  
to	  the	  other	  animals	  of	  the	  same	  phenotype.	  Interestingly,	  these	  differences	  tended	  
to	   extend	   across	  multiple	  metabolic	   compartments,	   demonstrating	   the	   underlying	  
differing	   biology	   in	   these	   particular	   animals.	   For	   example,	   the	   obese	   animal	   from	  
cage	  five	  had	  high	  relative	  concentrations	  of	  hepatic	  and	  renal	  phosphocholine,	  and	  
higher	  pancreatic	  resonances	  at	  δ3.23,	  tentatively	  assigned	  as	  glycerol,	  compared	  to	  
the	  other	  obese	  animals.	  Also,	  the	  heterozygous	  lean	  animal	  from	  cage	  six	  was	  found	  
to	   have	   high	   hepatic	   glucose	   and	   pancreatic	   BCAAs	   relative	   to	   the	   other	   lean	  
animals,	  and	  the	  highest	  renal	  choline	  was	  found	  in	  samples	  collected	  from	  animals	  
in	  cage	  six.	  
	  
The	  most	   notable	   outlier	   animal	   was	   the	   obese	   Zucker	   rat	   housed	   in	   cage	   one,	   a	  
clear	  outlier	   in	   the	  multivariate	  statistical	  analysis	  of	  both	   the	   1H	  NMR	  urinary	  and	  
plasma	  spectral	  data.	  Compared	  to	  all	  the	  other	  obese	  animals,	  this	  animal	  excreted	  
lower	   relative	   concentrations	   of	   taurine,	   allantoin,	   creatinine	   and	   formate	   as	   the	  
study	   progressed,	   and	   exhibited	   higher	   plasma	   concentrations	   of	   lipoprotein,	  
phosphocholine	  and	  acetoacetate.	  This	  animal	  also	  had	  low	  hepatic	  succinate,	  TMAO	  
and	  betaine,	  and	  had	  the	  highest	  hepatic	  phosphocholine	  concentrations,	  relative	  to	  
the	  other	  obese	  animals.	  
	  
These	  results	  collectively	  indicate	  an	  increased	  rate	  of	  phenotype	  progression	  in	  this	  
animal,	  with	  elevated	  plasma	  concentrations	  of	  lipoprotein,	  and	  hepatic	  and	  plasma	  
phosphocholine	   clearly	   indicative	   of	   increased	   severity	   of	   dyslipidaemia	   and	  
disrupted	   choline	   metabolism.	   Additionally,	   this	   result	   further	   reinforced	   the	  
association	  between	  reduced	  taurine	  excretion	  and	  the	  development	  of	  obesity	  and	  
insulin	  resistance.	  
	  
Despite	  being	  a	  clear	  outlier	  in	  terms	  of	  muscle	  mass	  and	  the	  metabolism	  of	  taurine,	  
choline,	  and	  lipids,	  this	  animal	  weighed	  the	  least	  of	  all	  the	  obese	  animals	  by	  the	  end	  
of	  the	  study.	  Additionally,	  the	  animal	  was	  not	  found	  to	  be	  an	  outlier	  in	  terms	  of	  its	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faecal	   metabolite	   or	   bacterial	   profiles.	   This	   may	   be	   a	   further	   indication	   of	   the	  
potential	   limitation	   in	   the	   utility	   of	   measuring	   these	   particular	   variables	   (weight,	  
faecal	   metabolite	   profile	   and	   relative	   abundances	   of	   faecal	   bacteria)	   for	  
understanding	  the	  metabolic	  aspects	  of	  metabolic	  syndrome.	  There	  is	  no	  doubt	  that	  
body	  weight,	   and	   body	  mass	   index	   (BMI)	   as	   an	   extension,	   serves	   as	   an	   extremely	  
useful	   indicator	   of	   obesity.	   However,	   in	   this	   case,	   although	   weight	   discriminated	  
between	   the	   lean	  and	  obese	   rats,	   it	  was	  not	  able	   to	  discriminate	  within	   the	  obese	  
rats	   to	   determine	   the	   individuals	  most	   at	   risk	   of	   developing	   type	   II	   diabetes,	   and	  
other	  risks	  associated	  with	  severe	  hyperlipidaemia,	  such	  as	  cardiovascular	  disease.	  
	  
In	   addition	   to	   the	   altered	   metabolite	   concentrations	   associated	   with	   the	   obese	  
animal	   from	   cage	   one,	   the	   lean	   animals	   from	   this	   cage	   also	   exhibited	   renal	   and	  
pancreatic	  metabolite	  profiles	  considered	  as	  outlier	  profiles.	  The	  heterozygous	  lean	  
animal	   from	   cage	   one	   had	   low	   renal	   acetate	   and	   choline,	   while	   the	   homozygous	  
animal	  had	  high	  renal	  myo-­‐inositol	  and	  phosphocholine,	  and	  low	  pancreatic	  creatine,	  
uridine,	   inosine	   and	   betaine,	   relative	   to	   the	   other	   lean	   animals.	   This	   may	   be	  
coincidental,	   or	   could	   perhaps	   be	   indicative	   of	   the	   cage-­‐associated	   trends	   clearly	  
apparent	  in	  the	  faecal	  bacterial	  profiles.	  
	  
7.2	   Methodological	  considerations	  
	  
The	  collection	  and	  analysis	  of	  different	  sample	   types	   from	  the	  same	  study	  allowed	  
for	   comparison	   of	   the	   differing	   information	   provided	   by	   each	   sample	   type	   and	  
analysis	  strategy.	  Of	  particular	   interest	  was	  the	  finding	  of	  cage-­‐associated	  trends	  in	  
the	   bacterial	   profile	   data,	   which	   contrasted	   with	   the	   lack	   of	   conclusive	   cage-­‐
associated	   trends	   seen	   in	   the	   1H	  NMR	   faecal	   extract	   spectral	   data.	   This	   is	   perhaps	  
likely	   to	   be	   a	   reflection	   of	   the	   differing	   information	   that	   these	   sample	   types	   and	  
analyses	  provide.	  For	  example,	  faecal	  extracts	  suffer	  from	  the	  confounding	  factor	  of	  
loss	   of	   host-­‐microbial	   co-­‐metabolites	   through	   absorption	   by	   the	   host,	   thus	   losing	  
information	   regarding	   the	   functional	   output	   of	   the	   microbiome.	   In	   this	   sense,	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correlation	   of	   caecal	   extract	  metabolite	   profiles	   with	   faecal	   bacterial	   profiles	  may	  
provide	  more	  biologically	  relevant	  information.	  
	  
In	  addition,	  it	  may	  be	  questioned	  as	  to	  what	  extent	  the	  faecal	  bacterial	  profile	  acts	  as	  
a	   surrogate	   for	   the	   intestinal	   bacterial	   profile.	   Nevertheless,	   this	   study	   aimed	   to	  
directly	  compare	  results	  with	  that	  of	  Waldram	  et	  al.	  wherein	  FISH	  and	  DGGE	  analysis	  
were	  performed	  on	  faecal	  samples	  (Waldram,	  Holmes	  et	  al.	  2009),	  and	  the	  practical	  
considerations	  for	  obtaining	  faecal	  samples	  from	  within	  the	  colon	  must	  be	  taken	  in	  
to	  account.	  
	  
7.3	   Other	  factors	  for	  consideration	  
	  
As	   well	   as	   phenotype,	   age	   and	   the	   effect	   of	   the	   cage	   microenvironment,	   other	  
factors	   will	   have	   likely	   confounded	   the	   analyses	   undertaken	   in	   this	   study.	   For	  
example,	   sexual	  maturity	   (at	   approximately	   five	   to	   seven	   weeks	   of	   age)	   will	   have	  
likely	  affected	  the	  metabolite,	  and	  possibly	  bacterial,	  profiles	  of	  the	  animals,	  and	  the	  
additional	   factor	   of	   infertility	   in	   homozygous	   obese	   (fa/fa)	   Zucker	   rats	   further	  
complicates	   this	  matter.	   In	   addition,	   the	   effect	   of	   animal	   behaviour	   has	   not	   been	  
explored	   in	   this	   study.	   The	   dominant	   animals	   within	   each	   cage	  will	   have	   suffered	  
stress	  due	   to	   their	   social	   position,	  which	  may	  have	   affected	   the	   inflammatory	   and	  
immune	  states	  of	  the	  animals,	  and	  thus	  their	  metabolite	  profiles.	  
	  
7.4	   Limitations	  in	  study	  design	  
	  
Despite	   the	   careful	   design	   of	   this	   study	   to	   answer	   the	   questions	   posed	   in	   the	  
introductory	   chapter	   of	   this	   thesis	   regarding	   the	   effect	   of	   housing	   on	   host	  
metabolism	  and	  bacterial	  profiles,	  the	  study	  suffered	  from	  certain	  limitations.	  Chow	  
consumption	  was	   assumed	   to	   have	   been	   30-­‐50%	   higher	   in	   the	   obese	   Zucker	   rats,	  
compared	  to	  their	  lean	  littermates,	  based	  on	  the	  literature	  (Zucker	  and	  Zucker	  1962;	  
Barry	   and	   Bray	   1969;	   Jenkins	   and	   Hershberger	   1978;	   Harris,	   Tobin	   et	   al.	   1988).	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However,	   an	  accurate	  measurement	  of	  exact	   chow	  consumption	  would	  have	  been	  
extremely	   useful,	   especially	   in	   terms	   of	   correlating	   chow	   consumption	   with	   body	  
weight	  and	  metabolite	  concentrations,	  such	  as	  plasma	  lipoprotein.	  Previous	  studies	  
in	   the	   Zucker	   rat	   have	   shown	   that	   pair-­‐feeding	   results	   in	   similar	   body	   weights	  
between	  the	  lean	  and	  obese	  strains;	  however,	  lipogenesis	  remained	  elevated	  in	  the	  
obese	   Zucker	   rat	   (Martin	  1974).	   Thus,	   a	   study	  design	   incorporating	  pair-­‐feeding	  of	  
obese	   and	   lean	   Zucker	   rats	  would	  help	   further	   elucidate	   to	  what	   extent	   increased	  
caloric	   intake	   contributes	   to	   the	  metabolic	   alterations	   observed	   in	   the	   Zucker	   rat.	  
Additionally,	   precise	   measurement	   of	   physical	   activity,	   coprophagic	   activity	   and	  
additional	   indices	   of	   energy	   consumption	   and	   lipid	   metabolism,	   such	   as	   fat	   pad	  
measurements,	  body	  composition,	  and	  faecal	  energy	  content	  (by	  bomb	  calorimetry),	  
would	  have	  all	  proven	  useful	  in	  drawing	  more	  robust	  conclusions.	  
	  
In	   addition	   to	   these	   considerations,	   the	   study	  would	  have	  perhaps	  benefited	   from	  
having	   a	   further	   two	   cages,	   one	   housing	   three	   homozygous	   lean	   animals,	   one	  
housing	  three	  homozygous	  obese	  animals.	  Based	  on	  the	  bacterial	  profiles	  obtained	  
in	  this	  study,	  it	  would	  be	  expected	  that	  the	  animals	  housed	  in	  these	  two	  cages	  would	  
have	   differing	   bacterial	   profiles,	   but	   it	   would	   be	   interesting	   to	   compare	   these	  
differences	  with	  the	  other	  cages	  in	  order	  to	  assess	  the	  relative	  contributions	  of	  the	  
cage	  environment	  and	   the	  host	  phenotype	  on	   the	   faecal	  bacterial	  profiles,	   and	  on	  
host-­‐microbial	  co-­‐metabolites.	  Further	  to	  this,	  a	  key	  statistical	  limitation	  was	  created	  
by	  the	  low	  number	  of	  animals	  per	  cage	  (n	  =	  3),	  especially	  when	  the	  phenotype	  was	  
the	   dominant	   source	   of	   variance.	   In	   order	   to	   investigate	   the	   effect	   of	   the	   cage	  
microenvironment	   on	   the	   metabolite	   and	   bacterial	   profiles	   of	   the	   animals,	   using	  
multivariate	   statistical	   analysis,	   a	   study	   with	   more	   animals	   per	   cage,	   and	   fewer	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7.5	   Future	  directions	  
	  
Future	  possibilities	  for	  this	  research	  area	  include	  exploring	  further	  ways	  of	  analysing	  
faecal	   bacterial	   profile	   data,	   and	   the	   development	   of	   techniques	   for	   correlating	  
metabolite	  profiles	  with	  faecal	  bacterial	  profile	  data.	  
	  
Further	  analysis	  on	  this	  particular	  bacterial	  profile	  dataset	  using	  Unifrac	  analysis	  and	  
analyses	  of	  diversity	   (such	  as	  Quantitative	   Insights	   Into	  Microbial	  Ecology	   (QIIME)),	  
could	   potentially	   yield	   interesting	   and	   complementary	   information.	   In	   addition,	  
other	  methods	  of	  bacterial	  composition	  analysis,	  such	  as	  FISH,	  would	  provide	  useful	  
information;	  for	  example,	  the	  obese	  animals	  may	  have	  the	  same	  relative	  abundances	  
of	  bacterial	  species	  as	  the	  lean	  animals,	  but	  more	  or	  less	  total	  bacteria.	  In	  addition,	  
‘deeper	  sequencing’	  of	  individual	  faecal	  samples	  would	  provide	  detailed	  information	  
regarding	   the	   species-­‐level	   relative	   abundances	   of	   bacteria	   in	   the	   samples.	   This	  
would	   allow	   for	   more	   biologically	   relevant	   correlations	   with	   the	   associated	  
metabolite	   profiles	   of	   the	   animals,	   for	   a	   greater	   understanding	   of	   the	   intestinal	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8.	   Appendix	  
	  
Forward	  primer	   5'	  GCCTAACACATGCAAGTC	  3'	  	  
Reverse	  primer	  	   5'	  ATTACCGCGGCTGCTGG	  3'	  	  
	  	  
Sample	   Animal	   Genotype	   Week	   Plate	  
Full	   sequences	   including	   adapter	   and	   barcode	  
(unique	  to	  each	  plate)	  
1	   1	   Obese	  	   5	  
1	   CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATCT	  
GCCTAACACATGCAAGTC	  	  
2	   2	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ATCAG	  
GCCTAACACATGCAAGTC	  	  
3	   3	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACACT	  
GCCTAACACATGCAAGTC	  	  
4	   4	   Obese	  	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCTA	  
GCCTAACACATGCAAGTC	  	  
5	   5	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACAC	  
GCCTAACACATGCAAGTC	  	  
6	   6	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACAGA	  
GCCTAACACATGCAAGTC	  	  
7	   7	   Obese	  	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGATG	  
GCCTAACACATGCAAGTC	  	  
8	   8	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACTG	  
GCCTAACACATGCAAGTC	  	  
9	   9	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGAG	  
GCCTAACACATGCAAGTC	  	  
10	   10	   Obese	  	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CGCAG	  
GCCTAACACATGCAAGTC	  	  
11	   11	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGTG	  
GCCTAACACATGCAAGTC	  	  
12	   12	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTGAG	  
GCCTAACACATGCAAGTC	  	  
13	   13	   Obese	  	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TCATG	  
GCCTAACACATGCAAGTC	  	  
14	   14	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCAT	  
GCCTAACACATGCAAGTC	  	  
15	   15	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGCT	  
GCCTAACACATGCAAGTC	  	  
16	   16	   Obese	  	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CATGT	  
GCCTAACACATGCAAGTC	  	  
17	   17	   Hom	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGAT	  
GCCTAACACATGCAAGTC	  	  
18	   18	   Het	  lean	   5	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGCA	  
GCCTAACACATGCAAGTC	  	  
19	   1	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATGA	  
GCCTAACACATGCAAGTC	  	  
20	   2	   Hom	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TACGC	  
GCCTAACACATGCAAGTC	  	  
21	   3	   Het	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACTGC	  
GCCTAACACATGCAAGTC	  	  
22	   4	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTCAC	  
GCCTAACACATGCAAGTC	  	  
23	   5	   Hom	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CGTAC	  
GCCTAACACATGCAAGTC	  	  
Table	  continues	  overleaf.	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   264	  
	  
Sample	   Animal	   Genotype	   Week	   Plate	  
Full	   sequences	   including	   adapter	   and	   barcode	  
(unique	  to	  each	  plate)	  
24	   6	   Het	  lean	   7	  
2	   CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATCT	  
GCCTAACACATGCAAGTC	  	  
25	   7	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ATCAG	  
GCCTAACACATGCAAGTC	  	  
26	   8	   Hom	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACACT	  
GCCTAACACATGCAAGTC	  	  
27	   9	   Het	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCTA	  
GCCTAACACATGCAAGTC	  	  
28	   10	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACAC	  
GCCTAACACATGCAAGTC	  	  
29	   11	   Hom	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACAGA	  
GCCTAACACATGCAAGTC	  	  
30	   12	   Het	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGATG	  
GCCTAACACATGCAAGTC	  	  
31	   13	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACTG	  
GCCTAACACATGCAAGTC	  	  
32	   14	   Hom	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGAG	  
GCCTAACACATGCAAGTC	  	  
33	   15	   Het	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CGCAG	  
GCCTAACACATGCAAGTC	  	  
34	   16	   Obese	  	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGTG	  
GCCTAACACATGCAAGTC	  	  
35	   18	   Het	  lean	   7	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTGAG	  
GCCTAACACATGCAAGTC	  	  
36	   1	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TCATG	  
GCCTAACACATGCAAGTC	  	  
37	   2	   Hom	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCAT	  
GCCTAACACATGCAAGTC	  	  
38	   3	   Het	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGCT	  
GCCTAACACATGCAAGTC	  	  
39	   4	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CATGT	  
GCCTAACACATGCAAGTC	  	  
40	   6	   Het	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGAT	  
GCCTAACACATGCAAGTC	  	  
41	   7	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGCA	  
GCCTAACACATGCAAGTC	  	  
42	   8	   Hom	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATGA	  
GCCTAACACATGCAAGTC	  	  
43	   9	   Het	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TACGC	  
GCCTAACACATGCAAGTC	  	  
44	   10	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACTGC	  
GCCTAACACATGCAAGTC	  	  
45	   11	   Hom	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTCAC	  
GCCTAACACATGCAAGTC	  	  
46	   13	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CGTAC	  
GCCTAACACATGCAAGTC	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Sample	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Full	   sequences	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   and	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47	   14	   Hom	  lean	   10	  
3	   CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATCT	  
GCCTAACACATGCAAGTC	  	  
48	   15	   Het	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ATCAG	  
GCCTAACACATGCAAGTC	  	  
49	   16	   Obese	  	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACACT	  
GCCTAACACATGCAAGTC	  	  
50	   18	   Het	  lean	   10	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCTA	  
GCCTAACACATGCAAGTC	  	  
51	   1	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACAC	  
GCCTAACACATGCAAGTC	  	  
52	   2	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACAGA	  
GCCTAACACATGCAAGTC	  	  
53	   3	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGATG	  
GCCTAACACATGCAAGTC	  	  
54	   4	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CACTG	  
GCCTAACACATGCAAGTC	  	  
55	   5	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGAG	  
GCCTAACACATGCAAGTC	  	  
56	   6	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CGCAG	  
GCCTAACACATGCAAGTC	  	  
57	   7	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGTG	  
GCCTAACACATGCAAGTC	  	  
58	   8	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTGAG	  
GCCTAACACATGCAAGTC	  	  
59	   9	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TCATG	  
GCCTAACACATGCAAGTC	  	  
60	   10	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   AGCAT	  
GCCTAACACATGCAAGTC	  	  
61	   11	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CAGCT	  
GCCTAACACATGCAAGTC	  	  
62	   12	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CATGT	  
GCCTAACACATGCAAGTC	  	  
63	   13	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGAT	  
GCCTAACACATGCAAGTC	  	  
64	   14	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   CTGCA	  
GCCTAACACATGCAAGTC	  	  
65	   15	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GATGA	  
GCCTAACACATGCAAGTC	  	  
66	   16	   Obese	  	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   TACGC	  
GCCTAACACATGCAAGTC	  	  
67	   17	   Hom	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   ACTGC	  
GCCTAACACATGCAAGTC	  	  
68	   18	   Het	  lean	   14	  
CCATCTCATCCCTGCGTGTCTCCGACTCAG	   GTCAC	  
GCCTAACACATGCAAGTC	  	  
Reverse	  primer	   CCTATCCCCTGTGTGCCTTGGCAGTCTCAG	  ATTACCGCGGCTGCTGG	  	  
	  
Table	  3:	  Primers	  used	  to	  amplify	  the	  V1-­‐V3	  regions	  of	  the	  16S	  rRNA	  gene.	  The	  unique	  barcode	  for	  each	  sample	  is	  
shown	  in	  red,	  and	  allowed	  for	  multiplexing	  of	  the	  samples	  on	  the	  454	  sequencer	  on	  three	  different	  PTPs	  (Pico	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Week(s)	  for	  which	  there	  was	  no	  sample	  available	  
for	  analysis	  
1	   3	   lean	  (fa/+)	   7	  
4	   11	   lean	  (+/+)	  
7	  (week	  6	  excluded	  as	  an	  outlier,	  due	  to	  poor	  
resolution	  of	  a	  peak	  at	  3.90	  ppm)	  
5	   14	   lean	  (+/+)	   6,	  11	  
5	   15	   lean	  (fa/+)	   7,	  14	  
6	   17	   lean	  (+/+)	   5,	  7,	  9,	  10,	  13	  
6	   18	   lean	  (fa/+)	   8,	  10,	  11,	  13	  
Table	  4:	  List	  of	  urine	  samples	  which	  were	  missing	  from	  the	  study,	  due	  the	  inability	  to	  obtain	  a	  sample	  from	  the	  









Key	  differences	   in	  urinary	  metabolites	   in	   the	  obese	  animals	   relative	   to	   the	   lean	   (+/+)	  and	   (fa/+)	  
animals	  at	  weeks	  5,	  7,	  9	  and	  14,	   from	  interpretation	  of	  the	   loadings	  plots	   from	  the	  PCA	  analyses	  of	  obese,	  
lean	  (fa/+)	  and	  (+/+)	  animals	  at	  these	  time	  points.	  Key:	  ,	   the	  metabolite	  was	  higher	   in	  the	  obese	  animals	  
relative	  to	  the	  lean	  animals;	  ,	  the	  metabolite	  was	  lower	  in	  the	  obese	  animals	  relative	  to	  the	  lean	  animals.	  







Metabolite	   δ	   Week	  5	   Week	  7	   Week	  9	   Week	  14	  
2-­‐oxoglutarate	   3.01	  (t),	  2.45	  (t)	    	  	   	  	     
Citrate	   2.68	  (d),	  2.55	  (d)	   	  	      
Creatinine	   4.05	  (s),	  3.04(s)	       
Taurine	   3.43	  (t),	  3.27	  (t)	        
Allantoin	   5.39	  (s)	    	  	   	  	    
Table	  5:	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Table	   6:	   Age-­‐related	   urinary	   metabolite	   changes	   in	   the	   lean	   (+/+)	   animals	   over	   the	   course	   of	   the	  
study,	   from	   interpretation	   of	   the	   OPLS-­‐DA	   coefficients	   plots	   comparing	   samples	   from	   lean	   (+/+)	  
animals	  at	  week	  5	  versus	  week	  8,	  and	  at	  week	  5	  versus	  week	  14.	  Key:  , the	  metabolite	   increased	  
during	  the	  two	  time	  points	  (e.g.	  weeks	  5	  and	  14),	  in	  that	  it	  positively	  correlated	  with	  samples	  taken	  at	  
the	  latter	  time	  point;  , the	  metabolite	  decreased	  during	  the	  two	  time	  points	  (e.g.	  weeks	  5	  and	  14),	  
in	   that	   it	   positively	   correlated	   with	   samples	   taken	   at	   the	   first	   time	   point.	   (s),	   singlet;	   (bs),	   broad	  














number	   Metabolite	   δ	   Weeks	  	  	  5	  -­‐	  8	   Weeks	  	  	  5	  -­‐	  14	  
4	   Succinate	   2.41	  (s)	      
5	   2-­‐oxoglutarate	   3.01	  (t),	  2.45	  (t)	      
6	   Citrate	   2.68	  (d),	  2.55	  (d)	     
9	   Dimethylglycine	   2.93	  (s)	      
10	   Creatinine	   4.05	  (s),	  3.04(s)	     
11	   cis-­‐Aconitate	   3.16	  (s)	      
12	   Taurine	   3.43	  (t),	  3.27	  (t)	     
15	   Hippurate	   7.84	  (d),	  7.64	  (t),	  7.56	  (t),	  3.97	  (d)	     
16	   Allantoin	   5.39	  (s)	     
17	   Fumarate	   6.53	  (s)	     
18	   Indoxyl	  sulphate	  
7.70	  (d),	  7.50	  (d),	  7.38	  (s),	  7.28	  
(m)	      
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number	   Metabolite	   δ	   Weeks	  	  	  5	  -­‐	  8	   Weeks	  5	  -­‐	  14	  
4	   Succinate	   2.41	  (s)	     
5	   2-­‐oxoglutarate	   3.01	  (t),	  2.45	  (t)	     
6	   Citrate	   2.68	  (d),	  2.55	  (d)	     
9	   Dimethylglycine	   2.93	  (s)	      
12	   Taurine	   3.43	  (t),	  3.27	  (t)	    
(Increased	  up	  to	  week	  




N-­‐oxide	  (TMAO)	   3.27	  (s)	     
14	   Guanidoacetate	   3.80	  (s)	      
15	   Hippurate	   7.84	  (d),	  7.64	  (t),	  7.56	  (t),	  3.97	  (d)	     
16	   Allantoin	   5.39	  (s)	     
17	   Fumarate	   6.53	  (s)	     
	  
Table	  7:	  Age-­‐related	  urinary	  metabolite	  changes	   in	  the	  obese	  (fa/fa)	  animals	  over	  the	  course	  of	  the	  
study,	   from	   interpretation	   of	   the	  OPLS-­‐DA	   coefficients	   plots	   comparing	   samples	   from	  obese	   (fa/fa)	  
animals	  at	  week	  5	  versus	  week	  8,	  and	  at	  week	  5	  versus	  week	  14.	  Key:	  ,	   the	  metabolite	   increased	  
during	  the	  two	  time	  points	  (e.g.	  weeks	  5	  and	  14),	  in	  that	  it	  positively	  correlated	  with	  samples	  taken	  at	  
the	  latter	  time	  point;	  ,	  the	  metabolite	  decreased	  during	  the	  two	  time	  points	  (e.g.	  weeks	  5	  and	  14),	  
in	   that	   it	   positively	   correlated	   with	   samples	   taken	   at	   the	   first	   time	   point.	   (s),	   singlet;	   (bs),	   broad	  
singlet;	  (d),	  doublet;	  (t),	  triplet;	  (q),	  quartet;	  (m),	  multiplet.	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fragments	   2.04	  (s)	       
4	   Succinate	   2.41	  (s)	          
5	   2-­‐oxoglutarate	   3.01	  (t),	  2.45	  (t)	       
6	   Citrate	   2.68	  (d),	  2.55	  (d)	        
7	   Methylamine	   2.62	  (s)	          
10	   Creatinine	   4.05	  (s),	  3.04(s)	        
12	   Taurine	   3.43	  (t),	  3.27	  (t)	         
13	   TMAO	   3.27	  (s)	         
14	   Guanidoacetate	   3.80	  (s)	          
15	   Hippurate	  
7.84	  (d),	  7.64	  (t),	  
7.56	  (t),	  3.97	  (d)	         
16	   Allantoin	   5.39	  (s)	         
17	   Fumarate	   6.53	  (s)	         
18	   Indoxyl	  sulphate	  
7.70	  (d),	  7.50	  (d),	  
7.38	  (s),	  7.28	  (m)	         
19	   Phenylacetylglycine	   7.42	  (m),	  7.36	  (m)	         
20	   Formate	   8.46	  (s)	       
	  
Table	   8:	  Urinary	  metabolite	   differences	   in	   the	   obese	   animals	   relative	   to	   the	   lean	   (+/+)	   animals	   at	  
weeks	   5,	   8,	   12	   and	   14,	   from	   interpretation	   of	   the	  OPLS-­‐DA	   coefficients	   plots	   comparing	   these	   two	  
strains	  at	  these	  time	  points.	  Key:	  ,	   the	  metabolite	  was	  higher	   in	  the	  obese	  animals	  relative	  to	  the	  
lean	   animals;	  ,	   the	  metabolite	   was	   lower	   in	   the	   obese	   animals	   relative	   to	   the	   lean	   animals.	   (s),	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Table	  9:	  Plasma	  metabolite	  differences	  in	  the	  obese	  animals	  relative	  to	  the	  lean	  (+/+)	  animals	  at	  week	  14,	  from	  
interpretation	  of	  the	  OPLS-­‐DA	  coefficients	  plot	  comparing	  these	  two	  strains	  at	  week	  14.	  Key:	   ,	  the	  metabolite	  
was	  higher	  in	  the	  obese	  animals	  relative	  to	  the	  lean	  animals;	   ,	  the	  metabolite	  was	  lower	  in	  the	  obese	  animals	  







Metabolite	   δ	   Week	  14	  
1	   Lipid	  (CH3)	   0.86	  (bs)	    
2	   Isoleucine	   1.00	  (d),	  0.93	  (t)	    
3	   Leucine	   0.96	  (d),	  0.95	  (d)	    
4	   Valine	   1.03	  (d),	  0.98	  (d)	    
6	   Lipid	  (-­‐CH2-­‐)n	   1.27	  (bs)	    
7	   Lactate	   4.11	  (q),	  1.33	  (d)	    
8	   Alanine	   1.47	  (d)	    
9	   Lipid	  (CH2CH2CO)	   1.57	  (bs)	    
12	   Lipid	  (=CH-­‐CH2)	   2.00	  (bs)	    
15	   Lipid	  (CH2CO)	   2.23	  (bs)	    
16	   Acetoacetate	   2.23	  (s)	    
19	   Lipid	  (C=CCH2C=C)	   2.74	  (bs)	    
23	   Phosphocholine	   3.20	  (bs)	    
25	   TMAO	  	   3.27	  (s)	    
29	   Glyceryl	  of	  lipids	  (CHOCOR)	   5.21	  (s),	  3.65	  (s)	    
30	   Lipid	  (unsaturated)	  (=CHCH2)	   5.30	  (bs)	    
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Figure	  88:	  PCA	  scores	  plots	  of	  urinary	  1H	  NMR	  data	  for	  the	  lean	  (fa/+)	  and	  lean	  (+/+)	  animals	  alone	  at	  different	  
sample	  collection	  time	  points:	  A,	  week	  5	  (R2	  =	  0.849	  Q2	  =	  0.487);	  B,	  week	  9	  (R2	  =	  0.696	  Q2	  =	  0.269);	  C,	  week	  12	  (R2	  
=	  0.639	  Q2	  =	  0.177);	  and	  D,	  week	  14	  (R2	  =	  0.785	  Q2	  =	  0.416).	  The	  strain	  of	  the	  animal	  is	  indicated	  by	  the	  marker	  
shape	   (heterozygous	   lean	   is	   shown	  by	  a	   triangle	  and	  homozygous	   lean	   is	   shown	  by	  an	  open	   triangle),	  and	   the	  
colour	  of	   the	  marker	   indicates	   the	  cage	  number.	  A	  PCA	  scores	  plot	  of	  week	  7	   is	  not	   shown	  as	   there	  were	   too	  
many	  samples	  missing	  from	  the	  lean	  animals	  at	  this	  time	  point.	  Please	  refer	  to	  table	  4	  in	  the	  appendix	  for	  a	  list	  of	  
missing	  samples.	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Figure	   89:	   OPLS-­‐DA	  model	   generated	   from	   1H	  NMR	   spectra	   of	   urine	   samples	   collected	   from	  homozygous	   and	  
heterozygous	  lean	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.980,	  Q2Y	  =	  0.368,	  
R2X	  =	  0.276)	  at	  five	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  scores	  plot	  demonstrating	  
between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	  
component	   (TYosc	  1).	  B:	  Corresponding	   coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	   labels:	  5,	   2-­‐oxoglutarate;	  15,	  
Hippurate.	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Figure	   90:	  OPLS-­‐DA	  model	   generated	   from	   1H	  NMR	   spectra	   of	   urine	   samples	   collected	   from	  homozygous	   and	  
heterozygous	  lean	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.960,	  Q2Y	  =	  0.093,	  
R2X	   =	   0.280)	   at	   fourteen	   weeks	   of	   age,	   using	   genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	  
demonstrating	   between-­‐class	   variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	  
orthogonal	   component	   (TYosc	   1).	   B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	   labels:	   5,	   2-­‐
oxoglutarate;	  6,	  Citrate.	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Figure	   91:	   Area	   under	   curve	   (AUC)	   of	   the	   taurine	   triplet	   at	   δ	   3.34	   (normalised	   data)	   from	   samples	  
from	   obese	   (blue),	   lean	   (+/+)	   (green),	   and	   lean	   (fa/+)	   (red)	   animals.	   Data	   expressed	   as	   mean	   ±	  
standard	  error.	  The	  spectrum	  from	  the	  lean	  (fa/+)	  animal	  from	  cage	  4	  at	  week	  6	  was	  excluded	  due	  to	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Figure	  92:	  Area	  under	  curve	  (AUC)	  of	  the	  taurine	  triplet	  at	  δ	  3.34	  (normalised	  data),	  for	  each	  individual	  obese	  
animal	  (cage	  number	  is	  shown).	  	  The	  prominent	  decrease	  in	  AUC	  of	  the	  taurine	  triplet	  for	  the	  obese	  animal	  from	  





Figure	  93:	  PCA	  score	  plot	  of	  plasma	  CPMG	  1H	  NMR	  data	  for	  the	  lean	  (fa/+)	  and	  lean	  (+/+)	  animals	  alone	  at	  week	  
14.	   The	   strain	   of	   the	   animal	   is	   indicated	   by	   the	  marker	   shape	   (heterozygous	   lean	   is	   shown	   by	   a	   triangle	   and	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Figure	  94:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  plasma	  samples	  collected	  from	  homozygous	  and	  
heterozygous	  lean	  animals	  (one	  predictive	  component,	  no	  orthogonal	  components;	  R2Y	  =	  0.174,	  Q2Y	  =	  0.052,	  R2X	  
=	   0.508)	   at	   fourteen	   weeks	   of	   age,	   using	   genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	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Figure	  95:	  An	  OPLS-­‐DA	  coefficient	  plot	  generated	  from	  the	  plasma	  diffusion	  edited	  1H	  NMR	  spectra	  of	  samples	  
collected	  from	  obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  (at	  week	  14)	  (R2Y	  =	  0.9991	  Q2Y	  =	  0.4026).	  OPLS-­‐DA	  coefficient	  
plot	   labels:	   1,	   Lipid	   (CH3);	   6,	   Lipid	   (-­‐CH2-­‐)n;	   9,	   Lipid	   (CH2CH2CO);	   12,	   Lipid	   (=CH-­‐CH2);	   15,	   Lipid	   (CH2CO);	   16,	  




Figure	  96:	  An	  OPLS-­‐DA	  coefficient	  plot	  generated	  from	  the	  plasma	  diffusion	  edited	  1H	  NMR	  spectra	  of	  samples	  
collected	  from	  obese	  (fa/fa)	  and	  lean	  (+/+)	  animals	  (at	  week	  14),	  constructed	  with	  the	  obese	  (fa/fa)	  rat	  from	  cage	  
1	  excluded	  from	  the	  model	  (R2Y	  =	  0.9998	  Q2Y	  =	  0.9277).	  OPLS-­‐DA	  coefficient	  plot	  labels:	  1,	  Lipid	  (CH3);	  6,	  Lipid	  (-­‐
CH2-­‐)n;	  9,	  Lipid	  (CH2CH2CO);	  12,	  Lipid	  (=CH-­‐CH2);	  15,	  Lipid	  (CH2CO);	  16,	  Acetoacetate;	  19,	  Lipid	  (C=CCH2C=C);	  23,	  
Phosphocholine;	  29,	  Glyceryl	  of	  lipids	  (CHOCOR);	  30,	  Lipid	  (unsaturated)	  (=CHCH2).	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Cage	   Animal	  number	   Animal	  strain	  
Week(s)	   for	   which	   there	   was	   no	  
sample	  available	  for	  analysis	  
1	   2	   Obese	  (fa/fa)	   13	  
2	   5	   Lean	  (+/+)	   10,	  13	  
4	   11	   Lean	  (+/+)	   13	  
4	   12	   Lean	  (fa/+)	   10,	  11,	  12	  
5	   14	   Lean	  (+/+)	   8,	  11,	  12	  
6	   16	   Obese	  (fa/fa)	   11	  
6	   17	   Lean	  (+/+)	   5,	  7,	  10,	  13	  
6	   18	   Lean	  (fa/+)	   8,	  11,	  12,	  13	  
Total	  number	  of	  missing	  samples	  (out	  of	  a	  possible	  180):	  19	  









number	   Cage	  	   Week	  
Figure	  40	  
Lean	  (fa/+)	   15	   5	   10	  
Obese	  (fa/fa)	   10	   4	   10	  
Obese	  (fa/fa)	   4	   2	   10	  
Lean	  (+/+)	   2	   1	   14	  
Lean	  (fa/+)	   13	   5	   9	  
Lean	  (fa/+)	   15	   5	   9	  
Figure	  41	  
Lean	  (fa/+)	   15	   5	   9	  
Obese	  (fa/fa)	   10	   4	   10	  
Figure	  44	   Obese	  (fa/fa)	   10	   4	   10	  
Table	  11:	  List	  of	  faecal	  samples	  excluded	  in	  models	  due	  to	  abnormally	  high	  concentrations	  of	  ethanol,	  lactate,	  n-­‐
butyrate,	  succinate	  and	  acetate.	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Figure	  97:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	  faecal	  water	  extract	  samples,	  coloured	  according	  
to	  cage	  (1-­‐6).	  A:	  Samples	  collected	  at	  week	  6;	  mean	  centred;	  R2	  =	  0.916,	  Q2	  =	  0.722.	  B:	  Samples	  collected	  at	  week	  
7;	  mean	  centred;	  R2	  =	  0.94,	  Q2=	  0.777).	  C:	  Samples	  collected	  at	  week	  8;	  mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  
0.84,	  Q2=0.42).	  D:	  Samples	  collected	  at	  week	  9;	  mean	  centred,	  Pareto-­‐scaled	  data;	  R2	  =	  0.56,	  Q2	  =	  0.27).	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Figure	  98:	  PCA	  scores	  plots	  generated	  using	  1H	  NMR	  spectra	  of	  faecal	  water	  extract	  samples,	  coloured	  according	  
to	  cage	  (1-­‐6).	  A:	  Samples	  collected	  at	  weeks	  8,	  9	  and	  10;	  mean	  centred;	  R2	  0.81,	  Q2=	  0.52.	  B:	  Samples	  collected	  at	  
weeks	  8,	  9	  and	  10;	  mean	  centred;	  Pareto-­‐scaled	  data;	  R2	  =	  0.79,	  Q2	  =	  0.45).	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Figure	   99:	   PCA	   scores	   plots	   generated	   using	   relative	   abundance	   values	   of	   the	   three	   most	   abundant	   phyla:	  
Bacteroidetes,	  Firmicutes	  and	  Actinobacteria.	  Plots	  are	  shown	  for	  samples	  collected	  from	  all	  animals	  at	  weeks	  5,	  
7,	  10	  and	  14	  (mean	  centred,	  Pareto-­‐scaled	  data;	  Week	  5:	  R2	  =	  1.00	  Q2	  =	  0.92;	  Week	  7:	  R2	  =	  1.00	  Q2	  =	  0.98;	  Week	  
10:	  R2	  =	  1.00	  Q2	  =	  0.97;	  Week	  14:	  R2	  =	  1.00	  Q2	  =	  0.95).	  In	  each	  plot	  principal	  components	  1	  and	  2	  (PC1	  and	  PC2)	  
are	   shown	   with	   the	   percentage	   of	   explained	   variance	   described	   by	   each	   component.	   Samples	   are	   coloured	  
according	  to	  the	  genotype	  of	  each	  animal.	  
Microbial	  and	  Metabolic	  Interactions	  in	  the	  Zucker	  Rat	  
	  
PhD	  Thesis	   Hannah	  Jane	  Lees	   282	  
	  
	  
Figure	  100:	  Box	  plots	  of	  the	  relative	  abundance	  of	  the	  three	  most	  abundant	  phyla:	  Bacteroidetes,	  Firmicutes	  and	  
Actinobacteria,	  for	  each	  genotype	  at	  each	  time	  point.	  The	  median,	   lower	  and	  upper	  quartiles,	  and	  the	  smallest	  
and	   largest	   observations	   for	   each	   time	   point	   are	   shown;	   outliers	   are	   represented	   by	   black	   filled	   circles.	   No	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  Cage	  1	  vs.	  Cage	  2	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
	  	  Cage	  1	  vs.	  Cage	  3	   ***	   *	   	  	   	  	   ***	   *	   	  	   	  	  
	  	  Cage	  1	  vs.	  Cage	  4	   	  	   **	   	  	   **	   *	   **	   	  	   *	  
	  	  Cage	  1	  vs.	  Cage	  5	   	  	   ***	   	  	   	  	   	  	   ***	   	  	   	  	  
	  	  Cage	  1	  vs.	  Cage	  6	   	  	   ***	   	  	   	  	   	  	   ***	   	  	   	  	  
	  	  Cage	  2	  vs.	  Cage	  3	   ***	   	  	   	  	   	  	   ***	   	  	   	  	   	  	  
	  	  Cage	  2	  vs.	  Cage	  4	   *	   **	   	  	   *	   *	   **	   	  	   *	  
	  	  Cage	  2	  vs.	  Cage	  5	   	  	   ***	   	  	   	  	   	  	   ***	   	  	   	  	  
	  	  Cage	  2	  vs.	  Cage	  6	   	  	   ***	   	  	   	  	   	  	   ***	   	  	   	  	  
	  	  Cage	  3	  vs.	  Cage	  4	   	  	   	  	   	  	   *	   	  	   	  	   	  	   *	  
	  	  Cage	  3	  vs.	  Cage	  5	   **	   	  	   	  	   	  	   **	   	  	   	  	   	  	  
	  	  Cage	  3	  vs.	  Cage	  6	   ***	   *	   	  	   	  	   ***	   *	   	  	   	  	  
	  	  Cage	  4	  vs.	  Cage	  5	   	  	   	  	   	  	   **	   	  	   	  	   	  	   **	  
	  	  Cage	  4	  vs.	  Cage	  6	   *	   	  	   	  	   *	   	  	   	  	   	  	   *	  
	  	  Cage	  5	  vs.	  Cage	  6	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Table	  12:	  Significant	  differences	  in	  the	  relative	  abundances	  of	  phyla	  between	  cages	  (no	  other	  phyla	  were	  found	  
to	  be	  significantly	  different).	   Level	  of	   significance:	  *	  P	  <	  0.05;	  **	  P	  <	  0.01;	  ***	  P	   	  <	  0.001.	  Difference	  between	  




Figure	   101:	   PCA	   scores	   plot	   generated	   using	   relative	   abundance	   values	   of	   the	   six	   most	   abundant	   families:	  
Bacteroidaceae,	   Porphyromonadaceae,	   Rikenellaceae,	   Lachnospiraceae,	   Ruminococcaceae	   and	  
Peptostreptococcaceae,	  for	  samples	  collected	  at	  week	  14	  (Log10	  transformed,	  mean	  centred	  data;	  R
2	  =	  0.98	  Q2	  =	  
0.74).	   Principal	   components	   1	   and	   2	   (PC1	   and	   PC2)	   are	   shown	   with	   the	   percentage	   of	   explained	   variance	  
described	  by	  each	  component.	  Samples	  are	  coloured	  according	  to	  the	  cage	  (1-­‐6)	  of	  each	  animal.	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Table	  13:	  Significant	  differences	   in	   the	   relative	  abundances	  of	   families	  between	  cages	   (no	  other	   families	  were	  
found	   to	   be	   significantly	   different).	   Level	   of	   significance:	   *	   P	   <	   0.05;	   **	   P	   <	   0.01;	   ***	   P	   	   <	   0.001.	   Difference	  
between	  means	  of	  cages	  assessed	  using	  one-­‐way	  ANOVA,	  followed	  by	  Tukey-­‐Kramer	  multiple	  comparisons	  test.	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Figure	  102:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  liver	  extract	  samples	  collected	  from	  heterozygous	  
lean	  and	  homozygous	  obese	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.78,	  
R2X	   =	   0.29)	   at	   fourteen	  weeks	   of	   age,	   using	   genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	  
between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  variation	  in	  the	  orthogonal	  component	  (TYosc	  
1);	   the	  numbers	  shown	   indicate	   the	  cage	  number	  of	  each	  animal.	  B:	  Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  
plot	  labels:	  4,	  Lactate;	  6,	  Alanine;	  8,	  Glutamate;	  9,	  O-­‐acetyl-­‐glycoproteins;	  10,	  Glutamine;	  14,	  Hypotaurine;	  18,	  Creatine;	  19,	  
Choline;	   20,	   Phosphocholine;	   21,	   β-­‐Glucose;	   22,	   Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   27,	   α-­‐Glucose;	   28,	   Taurine;	   31,	  
Glycogen;	  32,	  Inosine;	  34,	  Uridine	  diphosphate;	  35,	  Uridine	  triphosphate.	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Figure	  103:	  PLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	   liver	  extract	  samples	  collected	  from	  homozygous	  
and	  heterozygous	  lean	  animals	  (one	  predictive	  component,	  no	  orthogonal	  components;	  R2Y	  =	  0.61,	  Q2Y	  =	  0.20,	  R2X	  =	  0.18)	  
at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  scores	  plot	  demonstrating	  between-­‐class	  
variation	   in	   the	   predictive	   component	   (Tcv	   1);	   the	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	  
Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  plot	  labels:	  4,	  Lactate;	  7,	  Acetate;	  13,	  Succinate;	  16,	  Dimethylamine.	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Figure	   104:	   OPLS-­‐DA	   model	   generated	   from	   1H	   NMR	   spectra	   of	   aqueous	   kidney	   extract	   samples	   collected	   from	  
homozygous	  lean	  and	  obese	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.99,	  Q2Y	  =	  0.66,	  
R2X	   =	   0.30)	   at	   fourteen	  weeks	   of	   age,	   using	   genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	   demonstrating	  
between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  variation	  in	  the	  orthogonal	  component	  (TYosc	  
1);	   the	  numbers	  shown	   indicate	   the	  cage	  number	  of	  each	  animal.	  B:	  Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  
plot	   labels:	   1,	   Isoleucine;	   2,	   Leucine;	   3,	   Valine;	   4,	   Lactate;	   5,	   Lysine;	   6,	   Alanine;	   7,	   Acetate;	   8,	   Glutamate;	   16,	  
Dimethylamine;	   18,	   Creatine;	   22,	  Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   29,	  Glycine;	   32,	   Inosine;	   33,	  Uridine;	   34,	  Uridine	  
diphosphate;	  35,	  Uridine	  triphosphate.	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Figure	  105:	  OPLS-­‐DA	  model	  generated	  from	  1H	  NMR	  spectra	  of	  aqueous	  kidney	  extract	  samples	  collected	  from	  obese	  and	  
heterozygous	  lean	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.98,	  Q2Y	  =	  0.43,	  R2X	  =	  0.28)	  
at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  scores	  plot	  demonstrating	  between-­‐class	  
variation	   in	   the	   predictive	   component	   (Tcv	   1)	   and	   within-­‐class	   variation	   in	   the	   orthogonal	   component	   (TYosc	   1);	   the	  
numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	   Corresponding	   coefficient	   plot.	   OPLS-­‐DA	   coefficient	   plot	  
labels:	  1,	  Isoleucine;	  2,	  Leucine;	  3,	  Valine;	  5,	  Lysine;	  6,	  Alanine;	  8,	  Glutamate;	  16,	  Dimethylamine;	  18,	  Creatine;	  22,	  Betaine;	  
23,	  Trimethylamine-­‐N-­‐oxide;	  29,	  Glycine;	  32,	  Inosine;	  34,	  Uridine	  diphosphate;	  35,	  Uridine	  triphosphate.	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Figure	   106:	   OPLS-­‐DA	   model	   generated	   from	   1H	   NMR	   spectra	   of	   aqueous	   kidney	   extract	   samples	   collected	   from	  
homozygous	  and	  heterozygous	  lean	  animals	  (one	  predictive	  component	  plus	  one	  orthogonal	  component;	  R2Y	  =	  0.97,	  Q2Y	  =	  
0.17,	  R2X	  =	  0.29)	  at	  fourteen	  weeks	  of	  age,	  using	  genotype	  as	  the	  Y	  predictor.	  A:	  Cross-­‐validated	  scores	  plot	  demonstrating	  
between-­‐class	  variation	  in	  the	  predictive	  component	  (Tcv	  1)	  and	  within-­‐class	  variation	  in	  the	  orthogonal	  component	  (TYosc	  
1);	   the	  numbers	  shown	   indicate	   the	  cage	  number	  of	  each	  animal.	  B:	  Corresponding	  coefficient	  plot.	  OPLS-­‐DA	  coefficient	  
plot	   labels:	   5,	   Lysine;	   8,	   Glutamate;	   20,	   Phosphocholine;	   22,	   Betaine;	   23,	   Trimethylamine-­‐N-­‐oxide;	   24,	  Myo-­‐Inositol;	   28,	  
Taurine;	  29,	  Glycine;	  32,	  Inosine;	  33,	  Uridine.	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Figure	   107:	   OPLS-­‐DA	   model	   generated	   from	   1H	   NMR	   spectra	   of	   aqueous	   pancreas	   extract	   samples	   collected	   all	   from	  
homozygous	  and	  heterozygous	  lean	  animals	  (one	  predictive	  component	  plus	  two	  orthogonal	  components;	  R2Y	  =	  0.99,	  Q2Y	  
=	   0.59,	   R2X	   =	   0.47)	   at	   fourteen	   weeks	   of	   age,	   using	   genotype	   as	   the	   Y	   predictor.	   A:	   Cross-­‐validated	   scores	   plot	  
demonstrating	  between-­‐class	   variation	   in	   the	  predictive	   component	   (Tcv	   1)	   and	  within-­‐class	   variation	   in	   the	  orthogonal	  
component	   (TYosc	   1);	   the	   numbers	   shown	   indicate	   the	   cage	   number	   of	   each	   animal.	   B:	   Corresponding	   coefficient	   plot.	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